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- 8a0E (Greedy Algorithm)

- Orthogonal Matching Pursuit (OMP)

- Varieties: LS-OMP, MP, Weak-MP

- Thresholding Algorithm
- Advanced methods: CoSaMP, Iterative Hard Thresholding (IHT)

- &A% (Relaxation Method)
- DX MEZEZRIO LYY KRR WL EEETIEEL
- Basis Pursuit (BP) (=¢,#&%0)
- Iterated-Reweighted-Least-Squares (IRLS) (=¢,#&#1)

- TEERNHE R
- N X (FEEAEL EFDH)
- ZDM

- BEAHFHAE(OXR FERICHRELERILY 7 E R A)



g80%E (Greedy Algorithm)

- EARFEr
 yEXRBETZE00NaEAD HROH L TL 5.

y — X1a1 + xZaz + .-+ xNaN

- yE LU T BDICE S Z D Hdla, z IBZE 2 (Greedy manner) A TL 3
- BEIINTFDOES %= YR — F(support) & BES,
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Orthogonal Matching Pursuit(OMP)

- Input: y, 4, ¢
- Initialization:

k=0,x2°=0,1r"=y,5"=¢
- |terate the following:
-k=k+1
Sweep: Vi ¢ S 1 e(i) = rrplci.n(xiai — rk‘l)2 = (rk‘l)2 — (a -1""‘1)2/ai2
Update Support: i = arg ;nin e(i),Sk =Sk1u (1}
igSk-1

Update Solution and Residual
~K
x

2
= argminx(y — ASkak) ,rk — y—ASkJ?k
Stopping Rule: If |rX| < g, then stop.

& Computational cost: 0(MNK,), (K,(= 0(1)):final support size)
& c.f.) Exact enumeration: O(MN¥oK2)



= 11% (Relaxation Method)
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- fonorm to £,norm

|x|P profile

Ixlly = lim Z|xl|p -

= llxll, = (Zw)




TEEA (Convex Relaxation)
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X = argmin,||x|[; s.t. y = Ax
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p < 1TIIENRA/IN—R
p=2 p=1.5
Purple plane:
y = Ax
Green figures:
£, ball
p=1 ‘ pO’

M. Elad: Sparse and Redundant Representations (2010)




Performance Comparison

Experimental condition
y « M =128
1
. . vl « N =256
> 17 <~ « K =2~64
% \ « Signal comp.: i.i.d. Gaussian
o 08 CSI\SA%RSQPEH&H « A:i.i.d. Gaussian
3 1 - 1000 samples
E} 0.6 // \ \
o
£ 04} — ]
ﬁ + \ Normalized IHT (B! Greedy algorithm)
g 0.2 'E} \ Y )
_é R .
0 )
0 0.1 0.2 0.3 0.4 0.5
sparsity K/IM

Blumensath-Davis, 2010
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- 9 55% - Mutual Coherencez FHWN % A%
EREE DN

= hE ]
- OMP, ¢4, Thresholding method®
- BRIV E
- HIBRZEREM (Restricted isometry property, RIP) (24& %A%

(Candés-Tao, 2005)
- FE&AIIC L A5 A% (Donoho-Tanner, 2006)

- B ET IR L D E
- L 7Y #7E (Kabashima-Wadayama-Tanaka, 2009)
- JREEFEE (Donoho-Maleki-Montanari, 2009)
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- IRERTIE AW,
- KL HBERTAIE, 7=V, vxz—TLvk, TEIT—ILLLE,
- BFEOEEOMT DA TIE, 1751,
- B, BHBHFED universality(Donoho-Tanner universality) Bp Y i 5, AlB
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- fER(at Ix;\)ll - p)
( —2m + 1. 1 )
a(Q —2m p)+mm__QQ+_)2X
Jim f = Extro < X 2 2 3
\+(1 — p)f Dz Fp(\/}zi Q ) + (p)f Dz F, (\/mz + Xz;Q )J

Extr,: extermization w.r.t. x.
0 ={x,Q,m %, Q m},

Fp(h; Q) = lim {mxin (gxz — hx + |x|p+6)} .

e—>+0

|~
INI

- ST FEERZe(Mean Square Error, MSE) R EAZ 2D HETE TE 5,
e=0—-2m+p
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- fER(at Ix;\)ll - p)
. | | | | - TEHEEMARER =MHIER
o L, | - R E (F) TMSE=0(>0)
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Mass Spectrometry

- Mass Spectrometry (MS):
A method to analyze chemical structure/composition of sample molecule(s)
from spectrum of mass-to-charge ratio (m/z) « Mass Spectrum.

- Utilized in various disciplines
- Medical Sciences
- Earth Sciences
- Archaeology
- Organic Chemistry
- Bio Sciences



Mass Spectrometry

- Standard operations in MS
- Prepare a vacuum under high voltage in device
- lonize the sample
- lons fly due to the electrostatic force in the device
- Flying ions are separated by some actions according to their m/z.
- Each separated ion is detected — A mass spectrum (m/z vs intensity) is obtained.

23_2%

molecules

|nten3|ty

*%
\

Filter d}\ Detector

| 3



Mass Spectrometry

- Standard operations in MS
Prepare a vacuum under high voltage in device
lonize the sample
- lons fly due to the electrostatic force in the device
Flying ions are separated by some actions according to their m/z.
Each separated ion is detected — A mass spectrum (m/z vs intensity) Is obtained.

1007 o msss i
i
30 4
= 5
. g @
é f298
g 40 ¢
o | CHz
cH msz70
20 — f'"z27
4] III|IIII|!IH|IIII|II!I!I!hllllill!!III'IIII“Eillllll||||i!ll!|IIII|IIII|I!!l
10 20 0 40 S0 &0 70 30 a0 100
m/z
A Time-of-Flight (ToF) type spectrometer (From Wikipedia) A spectrum example (From Chem-Station)

https://commons.wikimedia.org/w/index.php?curid=433732 https://www.chem-station.com/yukitopics/ms.htm



https://www.chem-station.com/yukitopics/ms.htm

PhySicaI MeChanism Of F||ter (inverse of) mass-to-charge ratio

2eV +2;

%{

] . 1
- Newtonian dynamics: Emv2 =zel s v =

3 I

m: Mass

V. Voltage

e. Elementary charge
z. Charge number

Filter

- Different types of filters

Flight path distance Magnet Electrodes <— AC & DC

— =

- Time of flight (ToF) - Magnetic Sector - Quadrupole mass filter (QMF)




Example Data

- Araw data from QMF

x10°

- Experimental settings:
- Filter: QMF (LCMS-8060)

3.0

2.5 1

Signal amplitude
= N
wu o

=
o
1

<
|

Step size: 0.1 m/z
Measurement mode: Unit

E—
|

Number of scans: 300

0.0

750 760 770

- How to obtain the spectrum from the output? < some processing (e.g. thresholding)

780 790 800
mjz

- This tends to limit the resolution
— empirical resolution = 0.5 m/z <« lower than the device resolution limit

The OMF (or general MS)’s ability tends to be overlooked.

mmmmm

L
HzcJ
aaaaa

b
mmmmm

mmmmm

- Scan time: 1.00 sec/scan

Measurement target: Synthetic peptide
(EELNAISGPNEFAR, monoisotopic mass: 1545.742)

Solvent: H,0 (49.5%), CH3CN(50%), CH;COOH(0.5%)
Sample concentration: 200 fmol /uL

- Related to filter & detector resolution




Research Purpose and Ideas

- Purpose: Enhancing the sensitivity and accuracy of spectrometers
- w/o Increasing the observation cost/time
- w/o device alteration

- ldeas
- Employ low-resolution observations
- Equipped by default in most of standard mass spectrometers like QMF

- Reconstruct high-resolution spectrum
from the low-resolution output by statistical methods



Mathematical Model of Measurement

QMEF as example — Other non-focused m/z values are discarded

Only single m/z value is selected

Achieved by tuning current intensity

A schematic

Many ions are discarded without being observed

Quadrupole Mass Filter Detector

|

lonized sample




Mathematical Model of Measurement

A linear observation model

Y =

A schematic

(1000000 /5
0100000/
0010000/ s
0001000/ s
0000100 /|| g
0000010 || B
\oo0oo0o0o001)\p

[ 6

B2
B3
+ noise = B4

Bs
Be
\ B

-+ noise

Unit matrix represents the high-resolution observation

Many ions are discarded without being observed

lonized sample

Quadrupole Mass Filter

Detector

|



Mathematical Model of Measurement in Low Resolution

A linear observation model w

A schematic

(1100000\(51
0110000 Bs
001 100 0 B3
y: 000 1100 B4
00007110 Bs
0000011 Be
\0 00000 1/)\B

/

Output becomes a mixture of signals

\( b1+ B2
B2 + B3
B3 + Ba
+ noise = Ba + Bs
Bs + B¢
Be + Br

\ B

)

/

-+ noise

Observation matrix w/ band width w (w = 2 above)

Lower resolution measurement < termed Band Measurement (BM)

rupole Mass Filter

lonized sample

Detector




Lasso for Demixing Signals 1813 = Y 1617181 = ) 1A

- Mass spectrum is essentially sparse < Sparsity assumption can be utilized!

- Two (equivalent) formulations of Lasso for noisy case
- Normal form

ﬁr — argminﬁ{”)’ — Xﬁ”%} s.t. ||Bll; <r
- Lagrange form

. 1
B, = argming {- lly — XBI% + 21181,

- This case is focused hereafter.

The combination use of BM and lasso = BM-1asso «— out proposed method




Issues in BM-lasso Ba = argming {3 1ly — XBlI3 + 2Bl |

- Model Selection: How to choose 17

- Validation of the proposed method
- Theoretical Analysis
- Does BM-lasso really outperform the conventional method?
- Simulation Study
- Detailed check in a wider parameter region
- Real Data Analysis

—Adgerithm (not focused today)



Model Selection

- A common criterion is to minimize the prediction error (PE) [E% | Vnew — I3 (9 = XB)

- How to compute PE?
- Cross validation (CV) cannot be applied in the current case
- Observation matrix is clearly not from 1.1.d.
- Akaike’s Information Criterion (AIC)
- An estimator of PE
- For lasso:

1 02 ~
aic =~ (ly - XBI + 20281, ) = PE)

lx||, = # of nonzero components of x



Model Selection: Simulation Result

- Simulation on fully artificial data

w=1K=2,0=1,0p=0.1, N=400 w=2,K=2,0=1,p=0.1, N=400 w=10,K=2,0=1,p=0.1,N=400
., e N e
181 .'.'.-. I AIC 1.8 b “ 7.5 1 I AlC o...
".. v min(AIC) '-._ = v min(AIC) o~
O 1.6 1 *. (@] ] ..-. * (@) -
= - = 1.6 ‘-.. " = 5.0 >
* b = -
1.4 1 - ., - i AC -
o7 1.4 4 . 2.5+ >
| .’f It | | T, = v min(AIC) oo s v o
10! 10° 10t 102 1072 10° 101 102 1071 10° 10 102
1.00 A
0.8 e T MsE " T MsE - T MsE
- = -
o-.-o. 0.75 4 s* 1.0 4 t.
- -
. 0-507 o 0.5 o,
0.4 Y ."" '0,.‘ ". o’.’
.."“0"'.. 0.25 1 '."W"’ ..W
1071 10° 10! 10? 107t 10° 10t 102 107t 10° 10! 10?
A A A

- True Signal: B* € R, Pp-(B) = (1 — p)8(B}) + ps(B; — K)
- Noise: € ~ N'(0,0%1y)

- |IB - [?||§ MSE of estimation

- AIC-minimum model = MSE-minimum model — AIC is reasonable for model selection



Validation: Theoretical Analysis

- To show the superiority of BM-lasso, we perform a statistical mechanical analysis

- Define Hamiltonian and Boltzmann distribution (w/ inverse temperature y ):
1
H(B 1 Xy,) =5 lly = XBlI3 + 21IBll;

N N

1 1

Py(ﬁ | Xw,y) = Ze_yj{(mxw’y) — El_[ ¢u (YM | ﬁ,xﬁt‘)) nlpi(ﬁi)
u=1 =1

- Factorized form and potential functions

Yy (L)
) Cbu (Yﬂ | B, xs.ft)) — € Z(y“ (x“ft) B) ,x‘(/","):uth row vector of X,

- P (B;) = e~ VYAIAI



Validation: Theoretical Analysis

- To show the superiority of BM-lasso, we perform a statistical mechanical analysis

- Define Hamiltonian and Boltzmann distribution (w/ inverse temperature y ):
1
H(B 1 Xy,) =5 lly = XBlI3 + 21IBll;

N N

1 1

Py(ﬁ | Xw,y) = Ze_yj{(mxw’y) — El_[ ¢u (YM | ﬁ,xﬁt‘)) nlpi(ﬁi)
u=1 =1

- Factorized form and potential functions

Yy (L)
) Cbu (Yﬂ | B, xs.ft)) — € Z(y“ (x“ft) B) ,x‘(/","):uth row vector of X,

- The ground state = lasso estimator 8,
- Quantities of interest (QOIs) can be computed from the Boltzmann distribution:

E.g. MSE: lim E |+ [1B; — B°[I,] = lim limE|TryP, (8 1 X, )+ 118 — B°1I3]

N—>ooy—>oo




Validation: Theoretical Analysis

- How to compute the average over the Boltzmann distribution?
«— Use Belief Propagation (BP) and Density Evolution (DE)




Validation: Theoretical Analysis

- How to compute the average over the Boltzmann distribution?
«— Use Belief Propagation (BP) and Density Evolution (DE)

- BP: A message-passing algorithm to compute the marginal distributions P;(5;|y)



Validation: Theoretical Analysis

- How to compute the average over the Boltzmann distribution?
«— Use Belief Propagation (BP) and Density Evolution (DE)

- BP: A message-passing algorithm to compute the marginal distributions P;(S;|y)
- DE: An algorithm to compute the distribution of the marginal distribution

Pi(P,()) = [ dy P(y) 1_[ S(P:(B) — P;(Bi 1)
Bi



Validation: Theoretical Analysis

- How to compute the average over the Boltzmann distribution?
«— Use Belief Propagation (BP) and Density Evolution (DE)

- BP: A message-passing algorithm to compute the marginal distributions P;(S;|y)
- DE: An algorithm to compute the distribution of the marginal distribution

Pi(P,()) = [ dy P(y) 1_[ S(P:(B) — P;(Bi 1)
Bi

- Once {P;(P:())} is given, we can compute QOls
E.g. E|B:] = lim E[TrgR, (B | Xy, »)B:] = lim [ DP, Pi(P.() [ dBiP.(BI:



Validation: Theoretical Analysis

How to compute the average over the Boltzmann distribution?
«— Use Belief Propagation (BP) and Density Evolution (DE)

BP: A message-passing algorithm to compute the marginal distributions P;(5;|y)

DE: An algorithm to compute the distribution of the marginal distribution

Pi(P,()) = [ dy P(y) 1_[ S(P:(B) — P;(Bi 1)
Bi

Once {P;(P;(-))}, is given, we can compute QOls
E.g. E|B:] = lim E[TrgR, (B | Xy, »)B:] = lim [ DP, Pi(P.() [ dBiP.(BI:

BP and DE are not executable in general cases
«— The interaction network (= variables dependence) should be tree



Validation: Theoretical Analysis

- Troubles in the BP and DE application

- BP: Loops in the interaction network/graphical model < Clustering
- DE: Correlations among DE objects < Conditional distribution considered

& P(Bi-1) P(Bit1) P(Bn-1)
A~ DA~ o
A o =KoY o
»(Bs) P (Biv2) Y(BN)
Clustering
M, _:(B) M1 (Besr)
—_— —_—
O -]
v(B,) W(Bn)| v (B

DE

The DE objects

Consider Pr=7_:(J|B7) instead of P(J)



Validation: Theoretical Analysis

- Troubles in the BP and DE application
- BP: Loops in the interaction network/graphical model < Clustering
- DE: Correlations among DE objects < Conditional distribution considered

& W(Bic1) v@Bi)|  [eBy-) E
The DE objects

¢ --;.-. AP O OO

A o G Y s é ‘ éé

W (Bi) U (Bita) ¥(B) @ @ @

Clustering
Mf;z(ﬁ:) MM_+1(?H1)

O Ok ) Consider Ps=7_,:(J|B7) instead of P(J)
¥(8) o) [r(ss)

- Representation problem in g and P
- B < Discretizing and Bounding the DoD — L dim vector — Comp. Cost.= O(L*¥~1)

- P « Population of particles {J(B) Iivjfp



Validation: Theoretical Analysis

- Data model
- Ppr(B) = (1 —p)S(B;) + pd(B; — K)
- Noise: € ~ N (0,0%1y)

K=5,p0=01A=1

1072 5
i ——- Least Square (w=1)
1 e B=0

101_ _— MSEDE(W=1)

o m:?((vvvvizl) o0 __{ - BM-lasso at w = 2 is better than thatatw =1

MSESlm(W=2’N=4OO) ------------------------------------------- at any SNR

,/
-
-
’/
-

- BM-lasso at A = Aj;c becomes always better
than Least Square at w = 1 (not shown)

BM-lasso’s superiority is theoretically checked!

1072 101 10°

Markers: Simulation results at N = 400
Error bar (from 200 realizations) is smaller than marker



Validation: Simulation Study

- Simulation on semi-artificial setting
- Dataset: an actual mass spectra registered in Massbank (a public database for MS)
- m/z range: 50-650
- 26 mass spectra contained
- represented as 3000-dimensional vectors B* (converted from the peak list)
- normalized as the maximum intensity to be 100

- Noise: € ~ N (0,0%1I,) witho* =1 100 ]
- Observation: y = X,," + €

80 A
60 -

40

Relative Signal Strength

20 A

N TR

0 500 1000 1500 2000 2500 3000
m/z bin index



Validation: Simulation Study

- Simulation on semi-artificial setting
TABLE II: Means and standard errors of the statistics with the actual mass spectra (A = Aa1c).

w=1 w=2>5 w = 10 w = 20 w = 25 w = 30 w = 35 w = 40
AAIC 2.486.077) 5.065¢177) 6.829(286) 9.123468) 9.788.559) 10.88.56) 11.40(58) 11.76¢47)

MSE 02260023y  .0090¢0012)  .0060c0010)  .0050c0008)  .0043c00077  .0044c00077y  .00460007  .0054.0010)
Aaic/w | 2.4860m) 1.013035) 0.683.029) 0.456(.023) 0.392(.022) 0.363.019) 0.326.017) 0.294012)

F1 score 0.212 0.210 0.241 0.261 0.258 0.295 0.287 0.286
| TruePeak | TrueNon-Peak
Estim. Peak TP FP
Estim. Non-Peak FN TN
F1S 2TP
core =
2TP + FP + FN

- Abinary classifier evaluation index
well used in medicine and pharmacy
- Larger Is better




Validation: Simulation Study

- Simulation on semi-artificial setting

TABLE III: Effect of the signal strength on the true positive rate (A = Aajc). The numbers in parentheses represent the ratio
of the number of detected peaks to the total number of peaks.

K w=1 w=>5 w = 10 w = 20 w = 30 w = 40
0.0-0.5 0.0% (0/41) 7.3% (3/41) 7.3% (3/41) 17% (7/41) 27% (11/41) 17% (7/41)
0.5-1.0 5.3% (1/19) 5.3% (1/19) 47% (9/19) 42% (8/19) 53% (10/19) 42% (8/19)
1.0-1.5 18% (4/22) 45% (10/22) 59% (13/22) 72% (16/22) 77% (17/22) 68% (15/22)
1.5-2.0 20% (3/15) 73% (11/15) 93% (14/15) 93% (14/15) 93% (14/15) 93% (14/15)
2.0-3.0 55% (11/20) 85% (17/20) 90% (18/20) 100% (20/20) 95% (19/20) 100% (20/20)
3.0-5.0 96% (22/23) 100% (23/23) 100% (23/23) 100% (23/23) 100% (23/23) 96% (22/23)
5.0-100 | 100% (168/168) 100% (168/168) 100% (168/168) 100% (168/168) 100% (168/168) 100% (168/168)

1o ROC curve
- ROCcurve: TPvs FP
- Each curve is drawn by sweeping A
go.e— — w=40 - Circle: 1 = AAIC
£ — w=35 -
g — wedo - Upper left is better
o 0.4+ w=
2 — w=20
w=15
0.2 w=10
— wt
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

False postive rate BM-lasso significantly improves peak detection!




Validation: Real Data Analysis

- Real data observed by QMF

B B+ B2
B2 B2+ B3

1100000
0110000
0011000 Bs Bs + Ba
Y=|0001100 Bs | +noise=| Bi+pBs |+ noise
0000T1T10 Bs Bs + Be
0000011 B6 B + Br
0000001 B B

- Experimental settings:

6
3.0 220 -

2.5 1 N
2.0

1.5 1 -

Signal amplitude

1.0

0.5 -w
e ] -

0.0 T T T
750 760 770 780 790 800

mfz

Filter: QMF (LCMS-8060)
Step size: 0.1 m/z
Measurement mode: Unit
- Related to filter & detector resolution
Number of scans: 300
- Scan time: 1.00 sec/scan

Measurement target: Synthetic peptide
(EELNAISGPNEFAR, monoisotopic mass: 1545.742)

Solvent: H,0 (49.5%), CH;CN(50%), CH;COOH(0.5%)
Sample concentration: 200 fmol/uL

- A gap from theory & simulation: Is observation matrix X really band matrix?
- The value of X should be related to the ion transmission rate (device-dependent)

- Need to estimate from data



Validation: Real Data Analysis

- Observation matrix estimation of a QMF
- The key ideas
- Observe the well-known material < The true signal * can be known
- Estimate X by solving X = argminy {||y — XB*|3}
- Restricting the form of X to be against overfitting

(f(—J) f(=J+1) f(=J+2) --- 0 0 0 \
0 F(=)  f(=T+1) - 0 0 0
0 0 f(=J) .- 0 0 0
X = ; ; ; ; ; ; € RN—2JxN,
0 0 0 SN 10) 0 0
0 0 0 e fT-1) fU) 0
\ o 0 0 - fI-2) FT-1) f(J) )

- f=(f D, f(=]+1),..., f())): Band vector < argmin; {|ly — X(f)B"I3}
- Band width J becomes a hyper parameter
* should be larger than the true band width («— device property)
* should be small enough to avoid overfitting



Validation: Real Data Analysis

- Observation matrix estimation of a QMF
- Experimental settings:
- Filter: QMF (LCMS-8060)

Step size: 0.1 m/z
Measurement mode: High, Unit, Low
Number of scans: 500
Measurement target: ESI-L low concentration tuning mix

- Reference sample used for calibration of QMF

- Peak locations: 922,1222,1522 m/z
- Solvent: H,0 (50%), CH3CN(49.5%), CH;COOH(0.5%)

- Preprocessing:
Subtract the blank observation (=observation w/o target) from the observation w/ target

- Band width: ] = 50




Validation: Real Data Analysis

- Observation matrix estimation of a QMF

3000000 600000

std_high - blk_high std_high - blk_high
—— Processed spectrum —— Processed spectrum
2500000 - 500000 - P
2000000 - 400000 -
=) 2
¢ 1500000 - 2 300000 -
3 3
= =
1000000 - 200000 +
500000 100000 - l
0 Y - T - 0 T T T . T T
400 600 800 1000 1200 1400 1600 1510 1515 1520 1525 ] 1530 1535 1540
m/z mj/z

Blue peaks: B*
Red curve: y




Validation: Real Data Analysis

- Observation matrix estimation of a QMF

() fO')/m]aXf(j)
— WindOW_hiqh_lzzz 1.0 - y —@— rel_window_unit 1522
5 o w!ndow_unlt_1222 rel_window_unit 1222
—— window_low_1222 - { —@— rel_window_unit_922
. ]
g Q
3, s 051
S 2
:Lé | § 0.4 1
1 - 0.2
0 /\ 0.0 -
0 10 20 30 40 50 60 70 80 90 100 400 425 450 475 500 525 550 57.5 60.0
Indexj ki ]
- High: FWHM = 0.6 m/z, peak height ~ 1 - m/z dependence seems to be weak

- Unit: FWHM = 0.7 m/z, peak height = 2
- Low: FWHM = 2.3 m/z, peak height= 5

(full width
at half maximum) These findings are consistent w/ empirical knowledge and QMF’s instructions




Validation: Real Data Analysis

- Real data observed by QMF

x106

3.0

Signal amplitude
= N N
wu o (93]

=
o
1

0.0 T
750 760 770

780 790
mfz

800

- Experimental settings:

Filter: QMF (LCMS-8060)
Step size: 0.1 m/z
Measurement mode: Unit
- Related to filter & detector resolution
Number of scans: 300
- Scan time: 1.00 sec/scan

Measurement target: Synthetic peptide
(EELNAISGPNEFAR, monoisotopic mass: 1545.742)

Solvent: H,0 (49.5%), CH;CN(50%), CH;COOH(0.5%)
Sample concentration: 200 fmol/uL

- X: Estimated using the reference sample



Validation: Real Data Analysis

- Real data observed by QMF

i x10° x10°
' — ¥ 2.5 —
I éPE - BPE

08 —— élasso 2.0 1 - élasso
) B Theoretical Spectrum ) Bl Theoretical Spectrum
2061 215
£ 3
< H <
2 044 2101

- MJL ﬂ M : A

750 760 770 780 790 800 773.0 773.5 774 0 774 5 775 0 775 5 776 0 776 5 777.0
m/z m/z
- Finer and reasonable peaks are obtained by BM-lasso
- The peak at 773.8 m/z
1545.742+2 . .
- 773.8 = = (mass + protonation (+2H™ for ionization))/(z = 2)

«— Consistent result with conventional method & interpretation



Achievement
- Real data observed by QMF

1.0 x10° x10°
' v 2.5 - v
B BPE — éPE
0.8 A A
— Blasso 2.0 1 —— Piasso
) Bl Theoretical Spectrum o Bl Theoretical Spectrum
o o
£ 0.6- =
< M S
© ] ©
n n
0.0 . AAAAAAMAAAA[\/\?AAA’\A M_AM 0.0 " & AB«\
750 760 770 780 790 800 773.0 773.5 774 0 774 5 775 0 775 5 776 0 776 5 777.0
m/z m/z

- The peaks are at =~ 773.8,774.3,774.8,775.3
- Isotopes seem to be detected
- The location difference is 0.5 — Charge number z = 2 is directly suggested

—BM-lasso enables these by exceeding the conventional resolution limit!



Summary

- To enhance the sensitivity and accuracy of spectrometers, we proposed BM-lasso and
provided theoretical, numerical, and experimental evidences supporting Its superiority.

- Key Ideas
- Band measurement (BM): Utilizing the low-resolution measurement
- Sparse Modelling: Utilize the sparsity of the spectrum
- Lasso is an efficient implementation of this

- Achievements
- Exceeding the conventional resolution limit of QMF
- Isotopes and the charge number become directly detectable
- The method is applicable to many spectrometers other than QMF

- Technical advance in theoretical treatment:
A successful example of DE in high-order Markov chain
with non-Gaussian state distribution

[=] e [

IEEE Trans. Sig. Proc., 72, 1724 (2024

or
techrxiv.23625177.v1



Patent
- A Japanese patent application is submitted based on the presented result (572023-032197)

Schematic
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