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Abstract

= S7= {EH A0t JADC2 EHF0j|IA RJ2|2H0f| A
0l Y2 o2 S50t 275 AMSohs Al QMY
A|EZH QFSVDMES A|Qott. U =gt H|7Het
Yoz &4t YHE B0t 224 YAAIE
71EoHA o, th2 SRR A0M B3 AHg 1
|2 SI5| BYECE 93 -4 018 THSAIZS
TESH T AR 28 4Y- HEE I |2 A
AT Hdutyol £ AlE 153710f| A H| w5
ZI H|CHZE SRS ST 27 QIS TRt 1
THEL Y2 BEQ 2848 EROH, A2 ¢
231 0150 YRS WHICH A= BAAE
A3 SHYEH YA m SHE0|LE AR IS
USIHA R A7 B -SAE 0Z- A2 - Al
Y-S Aot SHe HAE HSHAIE HAIRTH
This study proposes the Quantum-like Future-State
Vector Decision Model (QFSVDM), an Al
decision-support model providing commanders with
future mission-condition probabilities and evidence
based on all-domain awareness in JADC2
environments. Density matrices and non-commutative
updates represent sequential information without
assuming a physical quantum battlefield. The model
extends a signed classical filter, reduces exactly to it
under sufficient diagonal conditions, distinguishes
source, receipt, and availability times, and records
commanders’ acceptance, revision, or deferral. Across
three synthetic generating processes and 153
independent seeds, the off-diagonal extension reduced
out-of-sample log loss relative to the classical filter
only when off-diagonal structure existed. A
lagged-input logit reproduced part of this gain. These
findings do not establish battlefield-data learning or
operational effectiveness. A staged validation
framework separates data quality, probabilistic
forecasting, human—Al collaboration, and resilience
under degraded communications.
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71 oA ZHA o A, A9 FEAFA4Y-
o oA #HFAFHT AHgS FTEIT LR}
QFSVDM Y] T A & 1494(3”) 4, 35 A5 1A
7ERP S WrsHE v7te g dE, g FEX
7 otef o] HEet Y, A 7%1 ol A9} A tf Ao
w2 A 7 B (5F). A, o] & THs A4
oy AE 2= A st w71 E
(77). A, oA %*J AL A A E 2= TR
29 59 A= 153704 11 "Wz g3
A S e 573_3§ g3t vhE A F (94). o
AR, 55d RG-S - A-AT EA-AA &

d4E FEsts 2AE A5 AA (10%).

o] 7] Al A A7} A A 5H= QFSVDM (quantum-like
future-state vector decision model, FA-3-AF v 2
e 4d4 mY)e AR BE A4 ELE
27 RSt YHE AEYPE FAR Y2 A

of B]7}gtZ 0 &2 7PAlste], A HH P& Ao dfigt
g oA FEI FTAE AFHANA AFot= 9
AHEAA XY rdolth e AF 14 &F UHE
E+ FAe2 235y, A4S 284 FAAZ 7H
SHA] @Fal AARR} AR Z-&-qtet. X F wek HekS

A 2o A At
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Fig. 1. Overview of all-domain awareness (author’s illustration, Al-assisted)
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Table 1. Sources of all-domain information and the context to be recorded with them (research classification example)

Category Abstract input example Context to record
Land Field status and support reports Observation coverage, report time, source identifier
Maritime Sea state, weather, facility status Spatial reference, observation gaps, data source
Air Airspace, environment, observation availability Update cycle, validity period, latency
Space Observation, positioning, timing service availability Service dependency, accessible range
Cyber Information—-system and network status Integrity, access rights, service impact
Cross—domain Electromagnetic, communications, weather context Extent of effect, uncertainty, validity time
2. A Q1 A7} 7k gL AT, A97tsd-+47s4, A=A, A4S
A, B 45} of A A2 4221 5}m[5], NIST Al
2.1 4% 0141 9] Aol RMF 102 BEA-AFHY-d¥ 743 fd &=
€ ARS o] 5 Brete % AAEH[6]. & =
2wl A9 d4 208 9 &S Y E2oE9d dE, 2E WA, w0, Azt 5
ok AZEe] WiEto A 85k FA| g olsist A AR, 7l S 7He Aol E}% A+ 8ACE A
Auj i EAAde Faste Rt ol & SRtk olHt 84S EE AT AA AA L JAS
ol &4 =7t & Aol oty AR S e A2 e
A|zf-olsf-m]F FFo = FEF Endsley?] o] &2
tlolg &H, ofu| o], m HekS FESH= S 2.3 01 7k-A1 7} A1 5
A2 ASAH[3]. ot Ar9] AL A 7F A %2
AA AR JHE A S AL 78R e AL A D9 42 X §] o] AIE Ut =4 vt
= 3 FFAR M= JE A} HWEE & = Aol okt Asstol g e Al F = Al A 2 LA
Fohe Folal, ARV AHE @42 o2 9ol 2 5ol srotof At[7]. A9 74, sk o &4
At ol & 2 AZ HiEH A FE JHEZ TEA E, DL AFHE AV AL &S BRI 7L
Beth AL LRE oAE AR BAIHAY  FoHA Fod, ¥2 FH HIE AUV EEE 3
< A, I AR FAlolge B, D JEVEY 8D W 23 s Aol AR A B oF ettt
dFo SE=s dES AR 2 PAolH, 2
TEA A BA Y BSAHS R AN AT 54 98 gt n
AL A% FH S FAstEF AT
3 o] of 2 Yol Y'Y 4 glom o 3 2od wE ofdY Ad FHY wod:
Ass5d AR 2 454 =t Bayesian ¥ H, A JH 2, FZ8= Markove)
A2 T4 (POMDP)©o| T}H[8]. QFSVDM L °o|&
2.2JADC2, Y Q= AL} et A9 = WiAIStE= ol2o] otyH, &t J5-HS-HA
Y EPE 2+ POMDPS 2] Fol7l Ju F=
JADC2E A5 AR AHEAL YRBHE A oM FES AASE AR B 24L&
A3k 9] Hetolni]. QFSVDME L elolA & QPRA A R L AR W] A RS v}
HE BS54 PR AR AE B AF T AR e AIw9,10], 7197 e 717
St AlE b et 4R 40l v, JADC2 A AL 1M RYE 2 ATHE TE S ek wekA 24
o] WAgolY By YHYS BESHA) = wet Ho] ebck: WATOR Hste P49
o u] FYE CDAOY 20234 HolE-EAAIEY TR SUES FAA FOou, uT BYo| L ZL
Ao Ao dolg, B4, A gl AIS A PYe| R AR 1H B, A% A 24, SR
@ A% Y A4 Bhsk A=wE YA A ARG 29§ 2k
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All-domain information - Sense

Land - Maritime - Air - Space - Cyber / cross-domain context

v

Data contract - Question definition

Provenance - time - duplicates - corrections - access / mission question - target time

/

\

Numerical estimation - QFSVDM

Probabilities - information gaps - deferral reasons
fixed computation and model version

Evidence explanation - Generative Al

Source links - conflicts - revision grounds
explanations tied to numerical results

Commander review - Judgment

Accept - revise - defer / actions follow separate command procedures

:

Assessment history - Independent validation
Al output, human review and observed outcomes stored separately

Fig. 2. Proposed structure of all-domain awareness and QFSVDM. Separately computed probabilities and evidence ex-
planations converge on the commander’s review; assessment and outcome records feed the validation system.
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Table 2. Record types and minimum key fields

Key fields Condition to verify on reproduction
Source event event_id, version, provenance Re-transmissions and corrections distinguished
Time and access source, received, available, access Only data available at the time selected

Al assessment assessment_id, question_id, cutoff, target Target, information scope, and model version match
Computation basis event_refs, input_hash, model_version Same input reproduces the computation

Human review review_id, assessment_id, reason Al output and human choice separated
Observed outcome outcome_id, available_at, evidence Later corrections and unobserved status preserved

O source time

a V1 available

i i i
a - first report G @ ' : ;
i ! 5
: | 1
g b V1 avéllable :
b - delayed report O : S : :
1 1 1
i i i
1 1 1

! ! a V2 aviilable
1 1 1
a - correction v2 O ' ! o !
i i i

1 1
cutoff 5 cutoff 8 cutoff 10
avi avl, bvi correction

available
Re-transmissions of the same event and version are selected once - previously issued assessments are preserved

0 1 2 5 7 8 9 10
abstract time (not operational time)

Fig. 3. Research example of event timing. At cut-off 5 only the first version of event a is available; at cut-off 8 the de-
layed b is added; at cut-off 10 the correction of a becomes available. Previously issued assessments are preserved.
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Table 3. Implementation and data—contract checks ac-
tually performed

Check Scope Observed
Signed classical 400 random .
. : max probability
reduction settings, difference 3.89 x 10°1°
(Theorem 1) 5 updates each ’

minimum eigenvalue =

Density-matrix 400 random on all paths (observed
properties complex states, ~ minimum 7.20 x 107),
preserved 5 updates each max trace error 2.22 x

107°

difference from full

Exact evolution fixed state with

off-diagonal generator exponential
(eq. 10) entries 4.83x107"7
4 checks: delay,
Event-selection duplicate,
. 4 passed
contract correction, future
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Table 4. Loading coefficients of the five synthetic sour-
ces

Input a 1y z; (B) ¥ (B)
1 0.80 0.10 0.55 0.00
2 -0.60 -0.12 0.20 0.50
3 0.40 0.05 -0.25 0.15
4 0.30 -0.08 0.10 -0.20
5 -0.35 0.07 0.15 0.10

ﬂﬂlze{mLﬂﬂ~mue4ﬂ 97 Asw e

=ZXdx;;n = Enx; = AE3T}
.85 .10 .05
P,=|.075.85.075 |,
.05 .10 .85
(16)
s;+ .55
p, = softmax || —2n, |+ (1—2,)( 0 )
—s,tn —.55
AN AL 2% Y, ~ Categorical (p,) 5 WA #1, S
o]H (0.65,1), Lo]H (0.35,0.65), I°]H (0,0.35)9]
SRENA thg 717k H8H A ES BL H A ()
2 2he chal Adtste] QXS Bl o] A

S A F ol A o] A AAelA B
571 }OME} A AA zoF A3t 2l v v

EA O R AFoHA E=rt. 55 4L Al
(T = 1,000, A= 202609071-202609072-
202609073)9] =ZHH FAHL A 457/168/375, B
506/84/410, C 360/279/361(S/L/1)°| ™, 0-599% &
H, 600-799% YH A=, 800-999%8 A|F O 2 HA|

Table 5. Configuration of the repeated fitting experiment

KNST

qtoh S ET v A" G2
7ol Z3FstA| gh=tt.

o] 2tz o] & H4HS WAITH. AA, ESE T
29] 12} A7) A2 A 0.90, B 0.86, C 0.610] 1 ¢
9] A7) AHL 0.57~0.630] 22 1,000 9] =
AHEFE = 50~240 B5of It o oA 9
2009 A| FUREO 2= HY 7F EAGE BT
T Q3 o2 59 Al=rt dastt. 4, A4S E
2 PAT o8 F 21542 A 0.629, B 0.711, C
0.916°.2 w5 9% In3 = 1.099E T} Z}Z} 0.47,
0.39, 0.18 nat ¥}. o] glo] o ZP & HS & ¢l
< otetolth. OhAl A & A& Blth= ol /& AA o
ARG E4S AR s A 51A] =

wAgolH g &
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9144
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8 % vaa) ghoret

of 29L 2e AT g g Be o}
2L AR ARESHAL A S 7Y Al 224 ¢
=T, £ §1%= 2} Markov A3 2312 A o4 F- 7
© 3 Nz AAGES AR B R g
o quE AT A% 2 4Y 24 (85 32702
ZE 9] 7195 U e A ik, 244 A&

2A (2 267)2 2480 2% A EF =S 1L
AAAGH Lol 28 = dgttez Ag

Item Setting

Processes and seeds (153 datasets)

A, B, C: one enclosed file each plus 30 independent seeds at 7=1,000; 10 seeds each at 7=500 and 7= 2,000

Split time-ordered 60/20/20 (train / internal validation / test), identical for all models

Inputs and target

five inputs — 2, —z, and the next-period state label; generating probabilities and future outcomes excluded

Models

(1) uniform, (2) training frequency, (3) sequentially updated frequency, (4) logit on current inputs, (5) logit
with two lags, (6) two-regime Markov-switching logit, (7) Mp, (8) Mj; reference: oracle

Mp/ Mg parameters

(d;, ;) persource+y =11/ (d;, n;, x;, y;) per source + 7, 1 =22

Regularisation

L2 on loadings, we {107%,1072,10" 2} chosen by internal-validation log loss; same grid for all fitted models

L-BFGS-B with box constraints (lloading < 5, y&(0,3], A€10,5]), at most 400 iterations, five starts for

Optimisation
non-convex models
Scoring mean test log loss (primary) and summed Brier score; paired and Wilcoxon signed-rank tests across seeds
Ledger objective, function evaluations, convergence flag, time, and coefficients per experiment, model, regularisation

value, and start
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Table 6. Mean test losses (7= 1,000, 31 datasets per process; standard errors across seeds in parentheses)

Model Alog loss A Brier B log loss B Brier Clog loss C Brier
Uniform 1.0986 (0.0000) ~ 0.6667  1.0986 (0.0000) ~ 0.6667  1.0986 (0.0000)  0.6667
Training frequency 1.0356 (0.0070) 0.6292 0.9242 (0.0081) 0.5755 1.0949 (0.0021) 0.6644
Sequential frequency 1.0330 (0.0068) 0.6271 0.9217 (0.0076) 0.5736 1.0932 (0.0018) 0.6632
Logit (current inputs) 0.8637 (0.0100) 0.5050 0.7498 (0.0100) 0.4375 0.9877 (0.0070) 0.5908
Logit (2 lags) 0.7519 (0.0101) 0.4318 0.7099 (0.0106) 0.4051 1.0098 (0.0076) 0.6047
2-regime MS logit 0.8414 (0.0109) 0.4886 0.7676 (0.0115) 0.4465 1.0059 (0.0076) 0.6004
Mpsigned diagonal 0.6506 (0.0100) 0.3712 0.7444 (0.0112) 0.4071 0.9867 (0.0069) 0.5907
Mg off-diagonal 0.6557 (0.0095) 0.3734 0.6733 (0.0095) 0.3824 0.9911 (0.0072) 0.5920
Oracle (generating probabilities) 0.6375 (0.0099) 0.3633 0.6539 (0.0097) 0.3744 0.9296 (0.0077) 0.5549
DGP A (n=31, T=1000) DGP B (n=31, T=1000) DGP C (n=31, T=1000)
- 1‘=L - 1‘=L e
2-regime MS logit ’ 2-regime MS logit | L 2-regime MS logit * CH
Mo signed diagonal Mo signed diagonal Mb signed diagonal
Ma off-diagonal Ma off-diagonal Mo off-diagonal
Oracle (generating probs) Oracle (generating probs) Oracle (generating probs)
‘II.O 070 074 076 078 1{0 0‘.0 0‘.2 0.4 0’.6 0.8 1I.0

mean test Iog Ioss (nats)

mean test log loss (nats)

mean test log loss (nats)

Fig. 4. Mean test log loss by generating process (7= 1,000, 31 datasets). Error bars are 95% intervals of the mean

across seeds; the dashed line is the uniform forecast In3.
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Table 7. Paired differences in test log loss (7= 1,000, 31 datasets)

KNST

Contrast DGP Mean difference 95% Cl t-testp Wilcoxon p Fraction first model better
Mo— Mp A +0.0052 [+0.0022, +0.0081] 0.002 <0.001 0.26
Mo= Mp B -0.0711 [-0.0846, -0.0576] <0.001 <0.001 0.97
Mo— Mp C +0.0044 [+0.0016, +0.0072] 0.004 0.007 0.32
Mp~ Logit (2 lags) A -0.1014 [-0.1108, -0.0920] <0.001 <0.001 1.00
Mp - Logit (2 lags) B +0.0345 [+0.0235, +0.0455] <0.001 <0.001 0.13
Mp — Logit (2 lags) C -0.0231 [-0.0286, -0.0177] <0.001 <0.001 0.97
Mg~ Logit (2 lags) A -0.0962 [-0.1053, -0.0871] <0.001 <0.001 1.00
Mg~ Logit (2 lags) B -0.0366 [-0.0470, -0.0262] <0.001 <0.001 0.87
Mg~ Logit (2 lags) C -0.0187 [-0.0248, -0.0126] <0.001 <0.001 0.90
Mp = MS logit A -0.1909 [-0.2048, -0.1770] <0.001 <0.001 1.00
Mp = MS logit B -0.0232 [-0.0380, -0.0084] 0.004 0.005 0.71
Mp = MS logit C -0.0192 [-0.0263, -0.0120] <0.001 <0.001 0.84
Mg — MS logit A -0.1857 [-0.1998, -0.1716] <0.001 <0.001 1.00
Mg — MS logit B -0.0943 [-0.1058, -0.0829] <0.001 <0.001 1.00
Mg — MS logit C -0.0148 [-0.0222, -0.0073] <0.001 <0.001 0.77
Mp - Oracle A +0.0131 [+0.0087, +0.0174] <0.001 <0.001 0.10
Mp - Oracle B +0.0905 [+0.0789, +0.1021] <0.001 <0.001 0.00
Mp - Oracle C +0.0572 [+0.0481, +0.0662] <0.001 <0.001 0.00
Mg — Oracle A +0.0182 [+0.0123, +0.0241] <0.001 <0.001 0.10
Mg — Oracle B +0.0194 [+0.0132, +0.0257] <0.001 <0.001 0.10
Mg — Oracle C +0.0616 [+0.0524, +0.0707] <0.001 <0.001 0.00
Table 8. The contrast My~ Mpby series length
DGP 7 Datasets Mean My—- Mp 95% Cl Wilcoxon p Fraction Mg better
A 500 10 +0.0186 [+0.0059, +0.0313] 0.020 0.10
A 1000 31 +0.0052 [+0.0022, +0.0081] <0.001 0.26
A 2000 10 +0.0040 [+0.0022, +0.0059] 0.004 0.10
B 500 10 -0.0874 [-0.1054, -0.0695] 0.002 1.00
B 1000 31 -0.0711 [-0.0846, -0.0576] <0.001 0.97
B 2000 10 -0.0688 [-0.0791, -0.0585] 0.002 1.00
C 500 10 +0.0065 [-0.0039, +0.0169] 0.375 0.50
C 1000 31 +0.0044 [+0.0016, +0.0072] 0.007 0.32
C 2000 10 +0.0030 [-0.0002, +0.0062] 0.131 0.30
0.054
2 o000 E $ 5 ” "y .
N
L 005, f’ ;
é’ -0.10 { .
-0.154
T=§00 T:EOO T=%00 T=1AE)00 T:1BOOU T=§)00 T:ZAOOU T=ZBOOO T:ZCOOD

Fig. 5. Per-dataset differences My - Mpin test log loss. Small points are individual datasets; large points and bars are

means with 95% intervals.
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Table 9. Seed medians of the Mpgauge invariants and evolution parameters (7= 1,000)

DGP Quantity 1 2 3 4 5

A median |z] 0.100 0.126 0.086 0.080 0.068
A median cos(argz - argz) — -0.592 +0.905 +0.699 -0.497
A median 7 (Mg/ Mp), 2 0.106/0.114 0.226 (true value 0.12, 0.08)

B median |z 0.562 0.499 0.324 0.231 0.276
B true 0.550 0.539 0.292 0.224 0.180
B median cos(argz - argz) — +0.386 -0.817 +0.408 +0.504
B true — +0.371 -0.857 +0.447 +0.832
B median ¥ (Mg/ Mp), A 0.101/0.247 0.011 (true value 0.12, 0.08)

C median |z] 0.291 0.298 0.396 0.353 0.290
C median cos(argz — argz) — -0.650 -0.210 +0.429 -0.251
C median ¥ (Ma/ Mp), A 3.000/3.000 0.000 —
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Table 10. Staged validation framework and current status

Stage Object Evidence required Status

1 Mathematma_l and numerical Proofs, independent computation, numerical error Checked in this paper
consistency

2 Data contract and recovery Replay of event, correction, and access history Minimal selection checks only
3 Probabilistic forecasting (synthetic) Recovery of known structure, absence of spurious gain Performed in Section 9
4 Probabilistic forecasting (real) Independent test forecasts and observed outcomes Not performed
5 Human-Al collaboration Controlled situation assessment, participant studies Not performed
System resilience and operational Tests under delay, disconnection, and error; staged
6 S e ) . Not performed
applicability evaluation in accredited environments
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