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Algorithm 1 BFTS run-loop(#MilL— 7" 1 KiK).
Input: IR &€ S = (F,P,e,H); & E
(BN, Bp, Emax) &V —7%— LR max_parallel =

min(max_parallel_nodes,4)

Output: HEHERDIKGE S’

1: > — WEBERY 7L —TF —
2: while F # 0 A |P| < max_parallel A |N| < By do
3: f « select™M (F) > select_best_to_expand
4:  ifII(f; |[NV]) then

5: F < F\{f}; continue

6: end if

7: ¢ < expand(f, depth_note, budget_note)

8: P+ PU{c}; e(f) +=1

9: end while

10: > — AMUEEAI TN Y F —
11: B+ 0
12: while |B| < min(max_parallel, |P|) do

13: n + select™™(P) 1 select_next_node: 1 / — K

14: P+ P\{n}; B+ BU{n}

15: end while

16: for all n € B %%l do

17: n' < ReAct(n) > AgentLoop.run, K H b
18: H « (H || label(n))[ —W:] > record_run
19: F+— Fu{n'}

20: for all p e F: p =pa(n’) do > Bl A
21: if r(n’) > r(p) then

22: F + F\{p}

23: end if

24: end for

25: for all p € F do > #HHI B
26: if e(p) > FEmax then

27: F +— F\{p}

28: end if

29: end for

30: end for

31: return S’ = (F,P,e, H)
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TRWVWEDITT B, c‘:“@/——/waj’m——f&:ﬂ'ﬁ?‘é#
DHGFKE HPC A F NV D ERRER —BICFEL. 2
TDIF—=T A ML —REF—MX T\X% NHRF L
WEE, JEXINEZDOEHHTZETTH S,

3.10 EAFEXEY

J — RIFNZ L TES DI TRV %/ — RISHEED
MWL L72b DAL, 20D DICTFRERCNE
DT DIZEEERER T, ARL IXZ DREEFEITI D
EXEVIHET 2, ZAUZBHERD 7 Cldik
T BB W OB S . FH—I T Z o Finkk: / —
FIZEBDHLEDAEY DAZFHD. WM R
FzvIZ7RA Y IDBDFRLTHERWZD, ZDOD
WATS 2T DITHWETFRTZ W — section 3.7
DRERED LR a— ThGELR—TH 5, H_
WEBDITaIEEE: X'V 3R ffﬂﬂ’]knmﬁ%ﬂiz.ét
B, TV VEERZBEICEVETOTIERLIERD
HRICH A EIRE LR ok v, 25 LTE
RIEZNEZZ 2ERECTHN S,

A DFERS|IE LTOXEY

J = FP AR L 72 OME—DEEDFIX. £D
MEtECLA—F — V—FRETKRKIZHEI»NS
node_report.json TH 5 (section 4.2 D3ED 7 4 —
NREFHRTZ), XEVZY FVIEZIASLDT 4 —L
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Figure 11: MEEFTEERIAFAE Y, &/ — FOEFEDE
T % node_report.json OPRERMED, £ (0 -
- V=) BNEN Y > a2 TAI YTV IRTHRFEH
HEE 2723, FERA RV MBGERD S AURFTIREENE A F
. FFBRFE usable(p) (eq. (6)) DD L a— REMGEEHE A
XRANET DS 5, FUCHENES "D OHmAFE2ES:
R — FBARRAICTEA S0 2 VB AR (IRR ORRARERE) &
D E R LR Z B0 2 REEE A AR (section 4.2) T
B2, BEMOLOABIIRKRZEL 13D > THHIAX
BEL Z 23RV,

FEHER L2V, BOMRKRATRET F 2 b, Hil. T
J—FULE—FIANDEAL &, ZLUTHEIEMNT 2
RMEDERY — v, V—27740, Hh7 74
IV — ANDAYTIINy Y aBRERD, Lizdo
TAEY Y P VIFEHLZ Db DT  SEADE
51 CTH 3 5IHTBERININOTHEH Y > 2 LT,
RBEEL T2 I 2HERTE, SSREMLH
B R¥E - R—BUCHHET 2 BAMME L 25, 5
VEERER — B, SEEREER. RICEEN. FIE, NA.
iﬁ%%%\mﬁiﬁ HEMEA RS N — 2SES
N, A FIIDNELILREPFHEICERTES: H5 7
S UFIRVOERDO A, HBE3WNIERYICES IS
FRERDA, B0 X512,

/ — FRRIETOHRE

J—REWETT 5L IRENRIERT v THRZED ) —
RLUR—b2iA BNE Y M) ERT L JERE
AT 7 — Fidid, HIE LRI\ DOFRFESBE LS
FEBIERT Y bV % KL T2/ — FIQIERBEER = >
M %, ZORT v FEFIEETNAZHIR WD, [
L/—FV« MIEELCZY b UAEEINE —
AlFEl I NIREBOMBEKTH D, Fz v IR
/f U NOBETIENDLEASLEXEY)VEHERT %, &
NEZ— 2 FPOFHETEBRLAN—T T I TH5:
BRI—Vz VI T XEVIREER X EREN
523k, EBT—Y =¥ bAEREMNERZY —
AAFZHIT L3 B0, L—TBRET B XEY
A LIV =T HBEPRENIITS — Zab, JE
WERBBRBREZ VT 4 AU RRITEIFTICAEYA
KIEZHDE ZEHNTTH % (section 7.1),

— D DFHF: VERSUR CAREEF F XAk

FEAEIZ O DHBEE EE W (fig. 11). MHEDXHIH
AT OLTH %, %/ — FORRIE, L — FIIMEE
XRZEAT 5: EROEER — B WRA MY v
7. N—FKRoz7 — &, fHIEHEER L /2% Duﬁﬂfxé%)
o TFIIENTFRA MY I TIERL, iR
TTRMEZLLZDDD 5, &i%#oﬁﬁ@f?y%
WHRE LTI E %, XIFICIE, %A I 4 U REB

J — R DRk HRELEE AR RS 2 iR O
BHHMEA XY P 2EIIREAEAIAA, BEH XN



ROBIAERYICHEBE ST o R X D EAic, %
ERILICHBORVANE LD EMICRE XS5 b
VEIEM D5, =2 Y u BEBNRRERE L
TEHBREINDZDIE. FADERYNCEBES TSR, 2
ORBADRAICKIEIN TRV E ZIZR 2

(repro(u) # failed).

(6)
DL CNE IRk Z 8 U TIRER 28T % 205,
eq. (6) BENZEMXA D SO T HEHRDOER
MERIIFESNHHREZEL LT b Y QAL
T 5, ZAUFF T £ > 7 F (section 4.2) DX E Yl
DM TH %; 72> 7 7 DHERDHD 5 LY
INA R 2D 5 DI L, AR A RIS & ORERA
FRICBEN DD ZRD 5,

usable(p) = grounded(p) A

BRI P LTOBERY

WEDTY bV IEAAL VEE — / — FIZEB ORI
FObeTOAHEE, BIFEFZ Y MVIFRLTLEEES
N — TH 270, EROBFRMEIREIKR THFIT
éﬂf%i%%éﬂmm Kb D ICHEITIIHEREA
RY by FYEEBRL, StAFREINRIEDA Y
b R RIOREANEAAT, HEICKRIM L 2681, #
NEERL L BEL R EME 2 25 eq. (6)
DFREAP LRI —Z L TIEEIIBRE LTH
HTE 2,

3.11 #&%8: )L— h &R

RON—b /7 —RiZa— Fr 5% 20 TlEkwn; /7]
PRET 202 RDBZ b ES, L— DI —
P MITAT 4 TEREEES Y S GRSCHEE
WHNWTEZ L -T2 Y DT A T 4 THEREITV, FER
ENTAT 47 (Fzv KA Y PAD idea. json)
ANRT 2, Z2DT T UDFEITDOX Y v 7 EH (sec-
tion 4.3) 24T, FEIZZ 2T, MHERICITDNS /2
B, BERAKIEA 7 74 VITRTS (section 3.7): i
X Semantic Scholar 225 7 4 7OXEAEEBIGF L —
F—U—FMREFHIZ7 7D 2 kv TEBETEDIC
5 — Wi FRRIEEUSF L 7 io ETE <,

BHEEZERNNIZ -2 ThH D, B—2—Tx
/F@ T =4 TREEDTF NI T VA YA b=
U BT AT 4 THTANRET B Z eI
N T3 — Al Scientist ¥ Z D74 7 4 7HEED [E
2 B ATEC. XWX ETAEITE 2, LIXLIFIERE
W77 A T4 72dbod) LHETD 2] — —H
T VirSci [7] 13RFEE F— o GEEFIEEER, MEE
i TAT 4 THER FHERE) I 20 —FL,
ZL—Y 2V NRTLAPE—I Y2 PDITE
774 7%, T, B OREMET +13.8%.
BAERNFET +44.1% RET 2 b MET 5,

ARI X VirSci 2 —2oDEEETTI v I35, 77+
L MEEIE T A T 4 7 AFILIZ VirSci D7 o —
PHEEEL, FATEERSE S vendored D VirSci 7
oy 7 h7r 7L REEHW, BRE 7 A THE
WCHEAR=Z{LL. 7S L%Z ARI © LLM JE#E
HTA—T 4 V755,87 AT 4 7% VirSci D
B O (BTAR . %IETAB‘IT BARRE) 2 R, Sl
THAMIFXNEZMTI v Frr7d3h3, A7 4>
D VirSci-live &— Fld3fH D12, vendored ® VirSci
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O &4
1
AR
N =8
2 ¢ 3
s e
replicate 4> j

m

Figure 12: iislERDIA 7HA I V% T2 —XTEL®D
Al LORT: B, ER, HE (RT7 v 7 1-6), HEHD
FAZL Ea—/BRONERL, ZONy 7Ty IDTA4
7Y A4 A THE—DIFHFES TDH % (section 4.5),

Iy Y EREZRBZETHEIT % (fig. 18):Semantic-
Scholar HRDHAERF v 7> a v b — SPECTER2
MBRA YTy IV RLMETT VI 73N iE TS
7RI =R — BF 2 v 7R ¥ P PICHE
BIb X4, VirSci HE D select_coauthors 7% D
757 ECR¥EETF—L2BE L. ZD K VR
D generate_idea sl dMEMZ 4T, 25 LT ARI
DPREROHBL T2 —Y =¥ MEMIZ. SVIEZ
LN DTIE L, BEDHITN L THEITEN 5,
NHAINTZDHDTHZ; AF v T ay b OB
DR 2 HHAGRICR S, 74 THRBIIVWD»R S
KBIRFIC B FFEEL — TR T 2720, Zhzf3)
LU THETHBRITT S Z EIFRL TRV,
ZODFEITLARILOFEED, WK CTalkicik DA
N3, 7a—7 (section 3.9) BBFEL /=T 7 v b7 +—
LHFIDIRFE b By ZiftinEn, Py 7 E2HEBET
23 RTOTAY T INRT Ty b7+ — LRSI
EREREET %; 2 L CIREETTIEEHF = v 2
RA Y MDT AT 4 7 T =)L (section 3.7) D3HAHD
HEHTHEAIN, F—2IEREPBICRELZDD%
BEHT 2RO DI, ZNEPE - LR, 2 WIEEH
RHNCE R Y M35, BAED T > F v 7 Z 53R
HERBEADZDRERE N (section 3.7), FEITOHFER
ZZ 0RO DR B L < BIFATRRICIRD,

4 WYXERNTTS1>

4.1 N17T541 88

BRMIMEILT 2 b, EER o R GRER A 7
T4 Y ——FTO®RY (fig. 12:fig. 3 X ThEETL
NIVDRAT—Y DAG OHINIEBEDT ) ——~FE X
Nd, PE7 = —XAPRREZERATREL., L 2—
1*‘X7§’%@$*ﬂ’5ﬁﬂ/7 Uy 7 CTEHAT %, &
B — 7 (section 4.5) THEINS, A TFF74 ¥
X 3 DOMNE KK T 5 ITRX HfE, R & DB
Zrlba—, ZLTARETORMCHVILTY v
IAVARARYRA (VT y ZIFHEHFIEE TR X
TCITERINEEZT-DRET B),

AT T4 v OBFEIIE, BRI O D 5w 3 EER
SHHD, HEPEBRIEA ML S R0,
EWVIRICH B, ZODHEMED Z DFHZH S, RER
IZFEMUAHNTER (section 4.2) &, GlEkX & 7 — X DHlEY
Br LT, ERMIMLL TR END % E



[@ two consumers

HEER DAL
(R = R

J\ exploration outputs © deterministic assembler

Figure 13: FFLOFHAT T, PEMRIIRIIRE / —
FORHEEMD, &/ — FOMELEDLR— b (NENY
o, JRIECFHE, ZEOL L R /E Ta<wr N, g —
FY = 7) ICEESIT 5N T, ZDDHEEANAS FME—D
NEZMHET 2 —DDREIRLEE 1T 5 : PIERR DRl
v, BEBEYIANY RV TH S, {257 7 4 MIFEERRX &
T =R X DFEEN, SAHERIIREOHED S E#EH
LOHREZED 7 7 A VEFRL

B3, Fik - aHUEH (section 4.3) &, FXHZN ST
DWTIERRNAQRR SRV ETED 2 BRRICES
SN2 SGEATRER TRk, BTROGEHLE L THA 50
LHES, 2 U TRXy I SRS, @S hi s
AT DRUE % FLiRE AR R0 & FE S 2 PUEM 7 —
FTH B, EDDOHI——L TV v ZER (section 4.4),
LY a2 — /L — 7 (section 4.5), PaperBench 1%
FEHE (sections 4.6 and 4.7)——I%, ZOZDOD LITHE
LIha,

4.2 SHRLO$EAIIT

TR e HEOMICITAHUHN AR D E S (fig. 13), 241
WERAED 7 — FHARREY O S5 HHERIMML L T X
WHDERD, ZNOEH—DORZERAITL o — A
B35, NI ZOMETHEEBEERRIRO——H 5
FRPBE D/ — Pz 2id, SEETLOHIWT
BREMENTXAEXT—XDOBERTH 2 ——70,
section 4.3 DI section 4.8 DH— F L — L3558
fill 5 R & BARY 2 Fo,

BEHNIEERFTH 2. —oOD /) — FIF=2DHEH
ANB A THES LIS T, B—0RGERN% £ & ¥
ET 5, /— RiE FHHEZFD (H 5 WVIXEHT SR
ZORMTERDERELR) & EEMESAAD ;i
WLY—=RT7 7 A V%BM--EHELL ZO—RES
ANAD; ZFDRT Y TN LIz TMFEEEAAN S,
TEEFEDZEHERLAEZTDO ) — R0 ITRICH AL
B, BRMEIIEIR R X7 — 2 L ORMPRREETH 5 7
B, FUANTECFECHFGESZESR,

V=R 7 7 AV R/ — F n* OSAHEEE lin(n*)
WKIh> THRFES/ — Koz 7 7 A L%, HEIEIC
HREOLETED D, T/ — FITBOEEY Y —DK
HNTETEINE D, — DDA S ABEE DX
THWEZ; D EOHEDE S, HE EoHIFRZZ D
T7ANERLE——I5 LTEHILERERRE/ —FD
LEEY Y —I—HT B, ZOEEEFR AL D
LIDDHBE MG XN FERORIELI Y . N
BRI NS RLTH B, WX I DEER T 5 Rl
a— Rk, R N Za— Ri—8T 5, #ETITEHE
RETH D ——BEBREIND 7 — Fix, ZOEUIE
R ETHE SN THRME AT, provenance D7z
IR I N B —— A THla — FOEFEND 20D
By LT, $ERIWEENRa7 /) —FDEY —X
SRR EINE D, ZNEERIIABHESTITRWD,

FNZESIZa—F - "o X—% - FHlEER, BT
&/ —FOEEY Y = o BTy, EERMNEIT
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Algorithm 2 FELOMA T (R — HERAN).

Input: /— FEMLKR—-MIEDRE ) —F N; X MY v

7 FHAIEAG
Output: B L a—F & BT EBR, #Z e ofmE, 77

EamYIRE

i n* 4 argmax, ¢ r(n) > B BEEEA. RITEWT
. L« lin(n*) > M & i B DSt HH
C <+ {n € L:CoNTRIBUTES(n) } > f&EIFE (2 —F)
F«0 > RS = (/) — K, FEX)
for all n € L % XEIC do

for alln € C 25BIN/ZEHE L7z %X p do

if p ¢ F Vv depth(n) > depth(F[p]) then
FIp] + (n,depth(n)) > REEDIED

9: end if
end for
for all n 23R L 7z-¢R p do

12: F 55 p < > HIFRD LF = THRE
13: end for
14: end for

15: & peF ONA M eI A XFEHO T THRIEMNIGTT
16: for all E#ll¥— m ¢ 7 do

17: best(m) < red. ¢[m)] > eq. (7); TEH
18: end for

: NARRATE(F) > LLM: ZFEY — R /02 — 8. H#Hl
a—F

20: return &£

XEREES LEGA, La— RIEANIRT X=X (1
K 7 — YA X, ALy PR —R) &, &
B (A= b FE, LA T2 Y) BREH
® R, E7ATHOER) o0l 3, 2ok
ATV M TR S A & oL,
PUERNC, 22 OEH X — DA LTI XL 5.

best(m) m¢Z, (7)

red c[m],
cef

TITred BZDX MY v 7 DEEINETANIH S
BRRFLEERD & BFGHEOEE, T 13Ho05
RPN ENEEEHEAANF—DEETH 2, A
NENFT e, REBRANFMR——7T- 21 38E 7
DIFFHERL VS HEY A X—— %2 E 2 /R EFiA
BRLDHEZ . BRBET VIR ZNZET 1
—ODftHE——FGEY — R u 2O - T la— FA
L., FiEmzViEd e ——RES N5, Bl
PHHET A Z 8 IFRL TR Y,
INSHFTRTOIMI, / — FETRICEI NS/ —
FEMOMELHOLR—t (Fzv 7R A ¥ FHD
node_report.json) THd, ZAUINBE Ny > 21Tk
D. U/ — FDBBUTHLED 7 7 A V2B - Z£H
L7z2 /7 — F BE ORI E Rl & g A34ad L
TR BREOE LR - EfTa~< v N, £ L TEHULE)
Wen— R 27255 T %, Ny ¥ aldy —RER
ZHBRREIC L. RFANY PSRRI~ Y R HhE
RLLBEBBRRAZV) T 2252 L Z2A[REICT % 1l
REINTen—F v =73, WX OBERGEHZ [587% L]
DEFRICETHEENLLHITL LS12T 5,

4.3 FE3k - EELERY

RATTA L DHFREA B Y 2 IHITH 5 k7
RSCAYSE Z AR & 78\ REREPTREZS EAROFATL AL
DEETHY, EFHRIF. ZOFML LTHR SN



Figure 14: ARI 2 X% Story2Proposal ® Fik — FE#lZE
# [8] @ execution-grounded #FEH, (1) FEITL LD R
MYy 2 ERHKGERTRER Tk . EDRHLE L THZ S
3 IEfERIER R ES T 5; FiRkEH 5 20—kl X
Nz, TRRFENCHENHAENS, (2) 5K/ —Ni3Z
NHDAFO T THIERIT %; RERAOHENF = v >
PRFIRDERE 7 77 L. BREEDDDIRREDSHDHAH]
by b ERET 5 — BB TRV, (3) B0 E
R——BUEDHIE L KB ——13, LER/ — F - KR -
DFANTFIT & DB HAATIEE N B, (4) FERLE
ALY — b (SEEFARL) A WSS AR AR E
Z DR HFFRERANTHEL T %; 7 — 2 8FE o
tgE— FTr7my 7 L, HEme EESEOIBEHT
H%,

IEMERBE R E BT (fig. 14), TRIGERIh S
HICRET 2720, EEI -V Y MIBEDOENE
REETONRY; ZIERRICT = v 7R, >V b
~FkfbE . FEITeRrE L, BRP, 7 — Mg
KOO R THIEZFET %; R CARNERITEDFE
SRANT THRIRZFAE L. section 3.8 D FRaliHgH DFE
b, ®ZIT, KO RWAED» SR IND LR,
HM—DRIEITIH > TEKTE 5, BEH, TiLORE
7 — t 23 FER L Rl IEMER 4RI TIRE T %, BE
H - BEFWCTNOMR S FIRZ TR T 5; R
He T30, FREHET21-DDFWUTH 3,

Z DF%ETHE Story2Proposal [8] ITHR T 5, ZHiZ
SER LTz THFEA b=V — ) ——WYJRE & Z O EERIGE
#l——%. architect * writer * refiner * renderer T—
Yz ¥ bOREE XN A T T4 VKNI TR %
WY 2 THRRAEHT 2, 2oHEAENE. FRo
HHEBERYEFES LD NICERL, Zhok ks
P a v L NLOEBARE L, LEL2ROMEERHI%
H 2 % HEERIRGE - 7 — X BN - HERAMO 0D
Pz — = > MO REBERY R BS L, A RRHIc
2 FEH L. renderer DSTRE R EEMEETHED < <
%o ZDFRIDREET 2 DIIHHER - RN REES M
——— BRIV, ERATRERMHE SR, YRE e
OBE——ThHh, EEL I ZOEREZHRT 5: 2
D7 V=07 =213 R LTRG24 RS 2
DTIF7% L HIERY - SRR B 2852, OTH D,
JFREE T F D EE TRV E & A D OMENICZ
o T DEB 8.

ARI 3RO FA » =2 OF il % R H 0D, 24
ZHEATICHER O35, 55 SN2 0MRUIEROH
HRE TRV, ZRRFETORENEB TH D, W
M2 5 EERHEZANCH EE S, FEITSINEED
EECH L MEANREEN 2, 7 — X BT
LCHHEEXNS: SEBET VO -z bD
Kb bz, TERN T — F s S 7 S 8UE % oy
A HFEEH L, ZO®NIEEE—RTo7 vy 7
T5—7. HEme HRBESEEIENLREETD S,
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Story2Proposal &5 2 SR 5 EHZ EiFon
B0 % MAET % ARL 13 X SIS E S TFEET 512
EE0EHEHIE L. 23T noF I F v Il
22T 5,

BARINCIE, BERIIHE SN2 8 BEOH S IR
XHNT7 v H—%FHT 5 ZOBENZZ B FR, X b
Vo r, B, ZLTZWEITEINART VR
Bl EZIETaX Yy MTOEETH D, RENRY &~
AT V= AINTEADREL a— FIZEEE
b, F—MEXe, BfEEhXLeHWTEESh
T BEBEZ SRR ABEr SHITE L, E5 3N/
Hwinze (BEE TN RENTFARE) NTRET %,
HEIXFAIAEHEHTH 2 ——BUED 2 EE LIS 5 2
PHHERTHERI L2 W——720, Eo2E5138-C
BEEXNZRDDICHA—H e LTRRT 5, HEDE
TR TREINS: /) — ROFEREHT L L &,
BET — MDORIES B ATFEEF = v 7 D E B IHM
AN, /- FREEFHRETES;, BEIRREDE
RE L L. BERAFANENT RFHTREDOAD
FhHbY b EHEZES, M HBHEEINT, F— b
BRIy brY v Z72RUTSRELRWL,

FRRDOEITORERT, ZOMEHD 4 ekl 7,
Wiy ey 7 OFEL TR S ME R HRAIT
»Hb:

o THE—ERIFHESNS (mint-once)o Fik%E
85 ER s —EktEhd &, DEOTRTOD
FEORH Lid, ARG 200 D Ik g A D2
2 BEERNCIR T EHERII R OME IR H
FAABILTR D, BABET NDmHEREBRE LT
LETHRO——_FERRIFRICEICR R 24 %
5225 ——%EE. »2FITTRETRIPOBEERK
HREHLGERE Z B o T L, Wl — FsBRIC 3
LTWiHlEZEE—HT — b2 ofE L 72 FEL
Rk et SNz FiRkiE, FELHTOHETO T
HEFEATH o7z

o BRITIZRHERORRICEDLE S, 7' — b OFUER
A RIEREEGE R 2 D o ORI RIER (5
BIEEREREY m x 10F V77 0) O TH—DE
LLUTHHTL, Bal7) 2 2 e/~ 2 nx B
EL T RS 720, H - B oM et 52 &
XHUE Z OB LT 5, HEEICHE DR LB
NZPERDOES OfE——[F CEHICH 3 5 [FF%
DRH. TER 7 VO X TEIrNIZA R
7Y PSR, WX TR 7 —7%2#H5X Y v o
4. BROENTHEEINEZ —2D 7 ¥ h—ikil
T (BRI e ICERERRE SN S)——1F. £
Y LTHRE X200 D IR IERb X 5,
HEIZZETHS: ¥ — DHE TR DOEEH
NTREBLBEZ U ZRETHZE; ZLTT
¥ H— AT ISR X ST, fRATIRE
WATEHE2ES I MR TBEINERVWI E,

e LEa—FRRIIRITTICHTBRARBL<, Eim
Lba———@BREREMFORVKENS
%27 775 2HENREEET VDR A——0
EF 23 RTOEEIX. YIDEDETEATIE
7, BIEMREREI Yy P e LTHERT v 7
(section 4.5) N\FRE I N B ik Sz bV D
RVEEIRR L TR EN T, FoFRb Ik
LTS B R W, SRR DREERIE = D2DL B a—



DRABDEDEIGTTH B0, Hil-Lii ke
HIATHREE. DN THZ b IcADE
H——BfT—— LTHNS,

o JOvVIIEHRNLBEBAOIOICERINDG, 7 —
MOFTRIXZE TR, KU —F— SN BF
H——FERIEICRR L s 8, T & n
FRZ >R, BIHEINZHUDRGE LT BUEO W S
—— RV —D N TRMETF =y 770y
7L, Fhbfciz7ay 783 IciE N3,
BB EB —— o BN RITES SN
TSN, KREIIRE LB S IEAEYSTE
Fzv 7, EHERPERXNBEHO S L —X
FILRER. BEOEARS Y KO HIETE
BWX MY w7, FETOY ZICHEMIFHIED R
WEHEHRATE——EZWHEBZEY S —DFTD
BRFzv 7Ty 55, BABPRERHE
FRERBEELSTH L, BERHL Y 2—DF
BT RIS EBhETH D, HIoRE T/
BN TRZ e NMEEREL,

4.4 LTV v IR

N7V w7 R%Z, BEDPHM (¢;, w;, judge;) ZIRIFT 2 H
RARE LTETMET %, KEild. A7 VicdF
Ci~ ;Fﬁo)é& ’LUZ(ZZ w; = 1 %2%723_)\ % LVCE&LB%
A a7 %2R THEREE judge, : P — [0,1] 2>,
A 3 7RSS

score(P) = Zwijudgei(P). (8)

THEZoh2, ZOARKEELZY v 71id PaperBench
O] eHBEINTED., 2 I TE MEOEFEIEAN
Xy UTKR%E LEFH$ %;ARI 13 vendoring 718
(@t Thifity r—22HAMHT % (section 4.6)
Z T, Z0ftA - B OEKRZ EIRICEERNICE
HEE 5, HERIZEGIHES 2: EENZREDTD
D LLM N—2HE &, 2l X 3 E DO MFLEas & Ff
DED =D OPIERHIE (F: Ta X MME FHERHET
WMESINTVED?) ) TH D, MEIXFE—DOFHfigs A
YRT 2= A% T, SRR YV (section 3)
XA T T4 E—ODMEHEN L Tlilie X7
7 —~\HEKI S %o

7Yy ZEZODE—RFOWTARTERS NS,
agent-benchmark &— F TRIAREZRXDORFANEENT
DL, FEXMRA submission DEITH IR %E
BT 20 % /M 5 ——JtkR®D PaperBench ##HATH
%, paper-audit &— R CTIEARDIHE MO F3EEDFH
BHMES ), S XA Z DD DDFLE
2 2RNT 5 ——HPC HEMEEEZEX U 21
ADRERT, fiWE Tm—Y =¥ ME3meHEHTE
227 TiER < EUEERIC it E LTw3
M7 2725, venue Mk (L OfZ. ¥ 55 2) d T
VIVITPEEIAE T venue T2 DT VT L— bTHE X
275, ARI 2712 F X 14 VIEKAE (P4) O % 277
., FH venue 33— F TR L T —XRDEETHED,

paper-audit R 2 7 ZIB{LHE — — 22D submission
%3 submission FEEDHEZ TN T NoJ IZHEWVS 2 HHIH
——H 55 F EIF 212 EoRwg (R L 7%)sub-
mission T/ < X Z EFBICHIWE L, HIBEIARX
EAMARTHX DM %G 2 (FHEIEE T A0 % TEH

TE 2 X512), EED Artifact Description / Artifact
Evaluation i@ ZBMATI & L THAET 2 HLERH -
2o TS DFHEIIFTNT ARI O wrapper BICHE F
D. vendoring ENHERZEIUETH 27D, Lt
N— a YETRa7HBHEARICRT-N 2, WX H
B OWwEED» SHHn 72 58T 5 2 L IEERINICT
H7ELy: F1UE executed-submission EXFE % Faig X4,
leaderboard FEAT & LLEARERIE TR a7 2@ LIF L
TL¥ 9,

4.5 LEa—/dR@IL—7

BT A 7 NMELE2a—DT 4 — KA v 27 J(P) DR
TP, % Py NRIERNCEZH1Z 5.

Pt+1 = Reﬁne(Pt, J(Pt)) (9)

P A IZNMIVE 2 7 DERR TS U 7R — — IR EE
score(Pyy1) —score(P) < e £ LTETMb——, %7
B3t s> ay e o/l FRRICE L 2RI R
%, B DRI K D AHEITHK T % D23, section 5
WANINBIETEZ NSRBI NTH D, KET
FEEFIREITDRV,

T4—=KXNv 7 JP) & ZORZXANLEE
HEINTHRBANY —LTH S ML LT= venue L
B 2 — (section 4.4 DILTV v 74 Y AKXV R), FEL
WEBST ON-EHRRL L a— 2l e iEXELZD
D (section 4.3), Z L CTH — MR & X 7B
MRBRETY P TH D, MAIIEENTHE ——F
FBETANA MY —LZEGRLBV——T0, Aihd
FEFTR%Z ZDILDFETHR T, venue L B 2 —OMIT
PEDFEHLCERED I oz F = v 7 LA TR 5,

AR Ty A3 L ICEKINICIEEETH 5: B
WHEOMEZE S & BE» b T B LES, Z
N fig. 12 DNy 7Ty YORTH D, PORKMESL
Z e TR BRI L TERT SHETD
HB——T7LEIZ & DTRIR (section 4.8) ZHfTix
U ERNESE—OFEZEVREI R WL SICLT
W3,

4.6 PaperBench &

HEFEER 1 PaperBench [9] OFEIETIERL: LR
R o — Y B BUET vendoring 35 Z £ T ARI &
ZDRRZ VTV v 7 EMGm 2 EFRINER L. ARI
ZZFDE D DOE wrapper DA ETRME T S, wrapper
7 b ariilon— 7%, EEEERD 3 0D
BRATRE R AT —2 8 LTRBT % (fig. 15)

1. rollout —— BT — = > FDFHH S submis-
sion (I—F, BEMEETHHRAZ Y 7 1) N[
JTIEXTS %

2. reproduce —— submission ZEEE2 > 7 F AT,
O—ANRT Y EERET TRARNT 4 ARy F
LCHITT 5,

3. grade —— vendoring XN 7=H|'EH’ submission
ZATV v ZARICHLUTHRRT %,

ZOOGHERD I BN Y F v — 2 ITBEITRD,
B2, BRI vendoring - HIEICEA, ARI
7R TREFOHMN Y URIEETER—2a 7
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Figure 15: PaperBench HE#Eik% 3 DOGMATEERAT =YL LTRT, T—Y =¥ bD rollout FFX L ZDNLTY v
2 % submission(2— F & HIBRA T V7 b)) AZEHL. reproduce (3% D submission ZFREEEY > FAR v 7 ANTETLTHH
nrezOMA%ERIE L, grade 1& submission ZEAFFIL T v IRICH UTHRAT %, vendoring SN/ HIE D EIEICHE
Woge{0,1} 25X, MiXRAATRBEATEN LR —LT v T s=3" wigi £7%% (eq. (8))o

BT 37713 D T, PaperBench O EHIIER S D
WEITERZE Z 7\ vendor swap £ 723 ——F LTV
N —Thleq. (8) I, MEEETIX judge; € {0,1}
Y%, 802, wrapper & fail loud TH5: RV F
= RNIERFTHRETELRWGE (v TF IV
XA LBEL, AT Y 2—F8 L., GPU VYV — AR
L)y 90K R AR TREREITHINE LI 5, o
72 BEAIIE R 2 2 7 % leaderboard T + U & LHERA
AEICT 272D TH 5, [HERD silent-fallback ZEE)IEHH
R opt-in TOAFHTE %,

EOBLDEZ, B -V FRRX MR
ICRMIBDHDICOVTHELROZETH S, L
Tary 7 cERS . T—Y =Y MERR MIHRE
LWL F ) RESEH A2 Y 7 b % scaffold LA
BT, MXDEFEICHED ST Python ZEEEIC LA
HTH %, ARIL IXiE %, scaffold AICERIEE probe 3
X5 —yx b EFEL, MHARERY —LF =
A GPU- 2w NI —=2FEZEMDZ A 7 probe 205
R L7z per-host O/ — v 7Ry 7 EFATEIET
HHEHT—— =Yz I 3L DD R R MR
WKTELZZ 2 —H&E¥ 3,

4.7 FAAUIR:RIT7O7 718K

PaperBench LifiidH— GPU OBE—a Y 7 FZ2RE
§ 5, HiERmOBARERNMIN IR ——% 5 >~ 7 MPI
=N, Z)—FEE 77 AREREDEY 2 -1
B —— %> 729, ARLIZILVTY v 7 2 {EEDEST
7a7 7 A (fig. 16) THIRT 5, 707 7 4 )UE R
A4 VIFKIFTDH 5: X OREZE Tl EHRE
17OR; (H— CPU, H—/% GPU, MPL, MPI+GPU)
. ML DAT = VARG R Y a—F by b
HET . MXPHE—<I I RLE TR T > A IUIEIRX
N, %4 T T4 VZTEOHE— ) — FIFUH LIRS
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I—Uz>h prompt
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Figure 16: {7707 7 A VEZHE—DL TV v 7 iR
Y b ZODEBEENTRNS: HHllz—Y v DSy
b(E) I IRET 4 ANy Fx (H)e T ¥ XA L probe
DT 4 2y FFEEFERE D —HNVRT Y 2 —FI1TH#IG
EHDED, —OONTY v IR 5 AR ETREED
FFRFIH L,

% ZRNIINER T H - THIERTIE R W,

7a7 7 A MIZODHEF IS NS (fig. 16),
I—YzrboFar 7S MR R T3HE ) — FE
TN 7oy 2 ——HBT7 s A VS 2T L OHIA
FOMPI SV F v D AT Ta2a—5D70F v 2B
Jo. BREEIEME(L. wall-clock 2 v ¥ > 7 ——¥ LTt
MEN, 2 FRARF 4 Ry F (/—F - GPU -+ XE
V- BLEER) 2N T B, VTR ZHT AT
Ja—I 77 7F—BLEWED, T4 ARy F vk
FITRRICO — ANV R T Y 2— 5% probe LIEXTIL T &
ThREL T, ZHLTHELAVTY v 78, £ GPU 2
FRARTH, GPU BEFEOINY > KRy 7 ZA—F 4
TarTh, B—U—UX5—a vy THHEEIIT4
ARy FF B, A= DOMRIED Al A — KTl 3 5.
R (R 7 5 A ZE D B THNTH K ARI 1. JE HPC
MXDOTRY T MIZFAZ/MPI BBEDXEERL
TRO LTRERZRSRWV, b2 DIEZ D wrapper JE7S



IJC. vendoring EN/=RYFv—2 ¥ ARI 2 71k
RZEUTAETH S,

4.8 WEHFRAcH—FKL—I

4 DO HRTE 52 B ICEZIFEHEE T 5, W
FNBIRFE TRV F D IEVEEFI DTSRI, SB46G
BpoazHWEEWS Y7 FLAULDOIERIZSH D
PHoT, EFAN— R o7 EHEE LERT—7 0L
ERELIR T 2 ERERZEEL TV 2, ARI O
V. BERESBIS TR S EEN MK E
BI220WHHDTH5:

o LLM DHDEFIT: i, RO D/ — K
HEMTRVTIREBRNR D, BARIIPESRLH
ANEIR L 2 RS RESICHIN T2 22T, #
il - NP FRA ZNEEAT , — FE Tl
5591275 BERIZERINTOWRWIEILZ 5]
ATExRwv, Mk 2HIFEXEVHEICH 5:
AIETE AR (section 3.10) 1. AR EME DT
SNHHORAIIEBM L TORWERDAZ ER
FIEE LTHAET 3 (eq. (6)) 20, BH XN
ERAEEIN, BEMITORVNEIZRE L0
fEIZ I e,

o SIANILDR— 3 2 GXDFE LIRS E 5 |
3%, MHMREMENTH 5 ——HWERITH
F—2FHTET, & bib = bV FERARNH
A > 7y 7 R L THEEE 415 (section 6).

s HMFUT M EHNZa7IZERT 205D —
BHEEES, BAKEHZ DO TFRTHS: W
N QA RMEE REiuIefEixhibxh, 3
TCcom_EARI DD HEE B WEE 20,

o MERV T MMEINI-ED, ZNDHENT B
FRE AR —B L W0, BEUETRIEZ oMl
5/ — FHEMEEIET (section 4.3) 728,
DB 72 15K - AR — b D345 & % ReSRiS ARG R
POHFEH L, FFRRENTRET 5 (fig. 14); B
FEMEE B LR\WHEIX 7 7 2734, section 4.3
DJ@Tay XY TR =D, Z DA
F v 7 THEZHRNT 2 0EEDO 7 DICHE X
NN %ERD B,

F—DH— FZ context DHIRT 2 FEHFITITE
REINFREIR LA a7 ) — ROy =204
AZXFHEDOTNTEXNS =, EREFETTHERI
ET LD context EWNIZINE 3,

5 TieRvEE

AETI. BETOS 27 205 v0.9.0 DERRETHET L
TW3 Z e 2G5, AHllE=REH» 572 % NI X
NIRRT R TOMFES — b E@ER Lz Ry —
T ¥ FOAERELT (section 5.1); M S D ILH, 2
DEAICB W THEE S M2 MHE (section 5.2); Z LT
FED v0.8.0 84 754~ ETEMEL=, &b BV
DOEBFEE (section 5.3) TH D, TNHIEXTNT T
HNTHb: =¥ FY—x¥ FOBIEIL, fHllxhixy
F = TREESHE—DFTTHH, TNOLDPEFET
B ANV DG SEE D TV S (section 5.4),
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AU AR— bOMiFTch 2 BN LZKIIFHHATH D,
XEVILEPERAGEL B LXIEES—FOY VT
/1/?\“—&75)59352 Lfb\éo

51 T—RXARXARXT1:75— M MEEEEADT >
TILEENX

TV RY—I Y FOFRDP—-OFKIE SN, MO AHET
H5: RBAENTY ¥ TN ——KEED [ D FAT
DEABRMICER L7 8 R=YOHFE——TH %, [
o iE CSR(compressed sparse row) JEZN DB 751 &
FATHIOM (SpMM) 278 L. FITHH DORIED 5
74 v FENTHEREET L GRXDF S MNoopline) €
TV DEEZDRT, £ (RHS) lBIcH/z5 A N 7T
REERT 2, CORTEZLY FY—x ¥ FTEHT
% (fig. 17(section C ICEX Z2IER)) DIF. ZHDAL
A — b DL S 2 BELHENE O FERLZ 0 5 TH 5,

FROWE, FATOX MY v 7Z——7 4 T 7RI
—E#E SN, ETOKRD OMICh 7z o TEIEMIC
REND (section 4.3)——1d. KAERIRER FiRk% 12 fF
HE L7 95 9MHIE BH—0/ — FHPEHRNET 2
HIT probe TH 5. B BIRFEHEICHTZIEL X, A b
THRDOLES, SR gather ¥ BATEBIED probe,
R—=Y 7w F 7Y (translation lookaside buffer,
TLB) ® & fif probe, A L — b ® probe, HiHlE~ A
IaRYFI—ITHb, %5 3 MHIFHESNIEEL
DEHZ T ——MREET VDT A =K% T 1 v b
L. ZD7 4 v % held-out @ probe HIE TR =M
FAEL. RNWT 7 4 v MEAETAD LR ZIERT S
—— DT, FEREH =M ERET 2DTIER
. HIROW N ZHET %,

REBOMT, ZOEHI 2, RFETHHEIED DI
ETLHEHITH B, FHEINFRIE. ATERR
W/ — RIZ X o TKFELO T s vy, 2L THRITTS
2=DDFEITBZDORME— FEEDSTF TV B
probe »HETNE T 4 v bR L EIEREINSZ, —F
iZ. D DICHE—D probe ZFHFEIT L. #EEHDFIRIX
RIEEDEFH -T2 T2 TIREEEDPAL 720 T/ —
23l probe / — FOMERT 4 L7 bV ZffR L, #E
HRUZHEIE»S 7 4 v b - RERGE - BIRZETHE L -
BT 2B ——FRi#HeH (section 3.8) 2% I3 TIZFIT
WKHBT—XPORIET 2 2%, RFRICHART
RERF e LTS B, Z5 L THRKEDFIR - GHIL
7= MI 12 FIRTOFERIEROIT LN TND &
HEL, T7— 0 F2WE LD T, fwxidm&bs
Nz,

F—FDREELT=HD. ELTHREDAYS LD D,
Z DIERDMMMEIARIEE A WO HEICH D, Wit
2 RH L OBEICS 720 NE XN i TR T 55
NTOERMTIRIFFRE ADERYNC R X, T
EWT — M2 ko THEHZINS, Z L TiHmxid, 5H
PERY QR E R Z 2 5 2 EI T Y 2 THIHRM
WAy YL TW5 (table 1), #iSlid. ZDIRVE R
FIRZIEL X DIEE— MBS RERE IS 2
NG IR B/ NEUS (FP32) iR iizE 6.79 x 1076
—— R, A FTHEDZ v X F — N— HIRIED
R, EFLOBETHENX, EEST o MERTI



BB OITEAEL ELX: M REBEOBRERE NS 2
TRE FP32 mAHn#82% 6.79 x 107, B3

Nz 12 T RTOFIRDFEITH A
DFELE S ; FHE SN2 RE L EEE D
Efrahrz,

ZFT7HRDZ 0 2 F —N—{H, 5
By, B I RHEEO FR, %
REETVORMETFH ——FHikime LT
WBARSN, RSEFETIEAERYIFE S
o ThRWEHHR XS,

BERNICAY S

Table 1: ANBE =W > Fa#HgiE. 7 — MEBESITS
N7=BED A% FIRL, ZhINIBEOARLHTAY IF
L ——RENT— L a— -8R — 7D, W EFET
DX TE2HPICRa—TRET 2,

Q EEShIER

A ZiEoma © Eik -G -+

SAEFT REZR 5k 12 £

probe / — F }

12/12 grounded
HI5E % 54T

0 errors
A v
R }

probe 9 # + GHHUHE 3 #F {

F/—F
7 4 b - HGE - ER

Eik 10-12 %P

Figure 17: F3k - AHEZHOEH LTDIr —AZAX T 4
FiT, HEINZ 12 FoFiRIE. 9 HFOMST probe & 3
HroFtE N BTN 5 BEEHIZREIC L > THL 2
——F/ — F3 probe / — FOMEEF 4 L2 Y 2fkK
L. SR LZBEED S 7 4 v b - KEMRGE - BIRZFIHT 2
—— ZODBPENS — M BETREEE ST LTV Y
HEL, St ahns,

RAFE e LTIRRT %, ZOWFERRa—TRE
37— rORRTH D, BERHL B 2 —I12 X o TR
END: ZDL Y 2 —3ERPOIBARFR 5 2 5H
L. 203 5 FRTERBIE L, MBREEEIE
DRI & LTS E L5 (section 4.3) 7z, #Hiiz
B KTRPEALTLE - 20E,. HFe LT#E
HLLZTHA S,
Fx2XZORREPL Tite, Z OMHEZ IR 2 AfifE
BHBHDE. IHBVRHOBR A T4 U Zh
EROTWENSHTHS: bt WEBERERE D LTI
Tk, by x—=raVilEE7r > LV TH
b, BRLEEBOHBIL L 2—3 78y ¥ 27Tl
LBIEMTH D, AR N5 EER O 2 4]
T2 eBRIh, FEFL 3RS IR BEIMR
AR SHBOBEE LTEF TV [2), BH—DMEER A
T, 2R - R - S — b - L2 — - SREL—
THWTY Y —2 Y FTERINE Z BRI, 7
WAL TAHDTIERV——FNT 2D, FTHEE
D3I 2HIEXNTHETH %,

5.2 WBEHNSREDIIDOME

XL =E00HESRES B DI, oEHAICE
WTHERZ NS, 2R Mt LIGHETH 5. FET LI
CHLIZ R LVax bpffEan, ETZiIiF=v
RA Y POFERL a— FAEGIN D, RO TIX
TROAIZK S DO TRV AR (section 3.5)
MAFICHED GEHERMEL, 27y S FHEYazx 7
B (Thax | Cmax) PR EDENCHKT 2 2 L HBIEX
NTW3, ZLTETIR 7 7 A LRI B DIC
R2HES (section 4.7): L7V v 74 IZ, HPC(high-
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performance computing) &3 IZ%f U TR DA
TRAT—NVAMENEIZT Y I7DA v —T Ry
Y74 v R—=T 2 —R (MPI) 7707 7 4 VT
L. By VRIS LT 2R 2 EIKT 5, —77,
NNVFTITDTTART 4 AN FIE, 7Y XA A
probe BWYEFURA T D 2 —FDIENIET7 7 7% Uiz
B, B—HNRTYa—-F1I%EIN5,

5.3 &OEBRWKHIDOBIRESE (v0.8.0)

SRAT LAERPIOMEA FoT Y By —x v FiEEIE v0.9.0
WP D MRD v0.8.0 %4 FI4 V&, BEHEDIE
RS EME DX R ——GPU _LDHERR O & fl2E 7 —
& EHieE— — 120 LT, section 4.6 OFEIRK 2@ L
THEIT LTz ZOE—WNRTERIN-FHOESW
. O TREDEZNEEEZNES DD THolz, T—
Yz ¥ MI, AT X TRET ZDTIE R LGN
BT A Ial—YaryF—&Xby FOERXIA R
PHUASL: + A4 7 4 7D CUDA WA — 1% 3R
AN LT GPU ETHEITL; LA o HEFAERE
9 Lorenzo B X WL AR FHISR 2 5525 U AR
DOHEPAZEIRSI LT, BLZ 50 25 90 dB ¥ —27 13
SRMEE L (PSNR) OFMERHE 2. 0BT 5 EAER
LY BIIETL LTz, MDA T v ISR
COFETHERL-DFEANEEDB X Z+HD—
DIKETH -7z, ZDHHIX, 84 T4 > TlEHL
IT—VxY FORBBOVICHRES T O H 5: i X
N7-1EEZ CPU FHlgs» 6B/ 6N DTHH ——
GPU 1 — VL FEINFETEINZHOD, T—
Yz ¥ MNIZOTFHREERERRI OBV ——F
=2y VEIRBETEOD T REE R HE LT
RICEEMTKT L, Be7—%tvy b e EEED
AR T =2 RETOEER L, MWH DR EHEWN
F, HR—Y 2 b RICOWTLEL I 2R
E—Fe—HT 3, Thbb, FLAYDETNIIE
TRFRLTIETZR{ICKZ, a—F2ElZk
DVWTIE, XD REETLT—HEIEL I L&D
HIEBITENR AT &5 5 (9], AEE X section 5.1
DGR Db DTH Y, BREMNER—ZF 4
YELTFEEMATICMET %,

5.4 [RR

AR Y LTI TH 2, EitoWFhoftR
HfH NIz F v — 7 TRV ERFETIRE—D
R CH H ., HEEEITHE ORG-S il
Nl — — S F = v 7R A ¥ b EToRREDSHE
fFTax b, ¥— RBIOHERIFR, 73V HIOLTY v
74K TN SN ONS SIS U E & DA PAE VIR N oY)
Ira—L7Y rOEER a7 ——i13, SHOFEYL
LTS, RIUHIZEIE. AL R— D ORMBRD T 5T
FEBRA 72V ——72 & 2R ¥ DR TR (section 3.5)
DPEBICHRDBABLICHKT 20—— 2D REEDOIT 3
RNETH 2,

6 BIEAIE

ARI % 4 DDFATHEOTRAUTK LTI ERMIT 5,



6.1 d—RD-HDOKIER

AIDE [5] (38828 L% o — Pk e LTHRZ %
——fRIZAT— P AREHNBEB TR EINE R 2
T THH——. BITHERAZ . draft - debug - improve
DATHEEINT=A 7V T MDOREDHFERE L TR
3%, MLE-bench [6]——%EFED X ZOVEMEIN L TER
HEND 5 HEDF 754 > Kaggle AR5 43>
——IZBWVWT, ZOD scaffold 13RI TH %: [Al—FF
IV, 2 DDYPLA scaffold D RTIX0.8% & 4.4% Da>
RTAZXNVEERT DI L. AIDE O N Tl 8.7%
DAVRTARNVEEGT 5, L7223 T scaffold DK
i, BoETEEN Z LA S, ARL IZFROAKRDEIE %
AT 225, AIDE DN—Fa— REN-EMTR ——
AIDE OFFHBHEDRFTHRED Y X7 & LTI LT
W3 ——%, LLM EXE)DEERER (section 3.3) THEZ
Wz %, ZOEINII has_real data. metrics A,
K&, V7 b diversity_bonus % —fE CEANTIT
L. & BIT section 3.7 DFATHRIEZEBINT %, T2
ERFZEDS HINBEE R X 2 27 & & 12T % — —MLE-
bench OFEFFDERD 5 X 512, EBZOWHSEIE THHHE R
REROE S ZFFI 20 d LIVE W] —— DI L, ARI
X H S Z R $E T % metric contract(section 4.3) A3,
Az Ty R LTHR S0 BRI -TES
T 5,

AlphaCode [10] & generate-and-filter DFHIH72
BRTH 2:1 MDD BERRKTHALTOT0rF 6%
TV T L, RAZFIED example test T L.
BRAT 10 BRI 22X ) 7 LT, 10 O
#£t Codeforces 2> 7 A MZb=hFHTHNED L
7 54.3% ICEET 2, ZOL T VL, RIBTRRZ M
B3 2SR ZRITE L T 5 ARI OfEMIIX. 5256
NTMFEER R LI 7 AXRER L THRITEN B EBET
HB7D, KNSR 7aYT 4 7O best-first 72
flEE D 1, ZAfi72 I8 EIEETHEDO T L T ¥ RIInd
LSRERNT = v 712, Zhehl->TRboN %,

6.2 BEMEI—I>hk

AT Scientist 7 7 IV [2, 3] I&. FHkDNL—T (idea —
experiment — paper) . WETIX 1 fXH7D $15
KEOIARA Ty Y —2 ¥ RICEAL. EEO¥R
BRI U C AN WIS & R0 BB & dids =
x5, LOLZOEIBENTHZ ——5EML
72PDF 25 Y73 325bDTHH, "I tr— 3
CHIEZ ey LRI Y E R ——, FLTE
Holx, v r—rain—Fov o7, HEIN
ablation R, E L L TEELNIZEDREREZFIZEL 72
5 2T, FEROHBHGEEZ REERE e L THEFTW 5
MH@%@ﬂﬁTbé%%@ﬂm@tbl$®ﬁﬁ
A ClE 7 < BFTS O R TR L. metric 135
WD FHERAIZHA XN B FEITL NIV D artefact TH D
(section 4.3), Z L THEEE 7 v v 7§ 5 —— %
LTEO0DZRD 2 DIE, HiigrD R 27 TER LR
FEFAYZR claim-evidence 7°— M T % (section 4.8),
Agent Laboratory [4] \FT— = ¥ b ZEREIFE Tl
A HEE L LTS ANBIDE R 20555 8 2 b2
L. GHHADOEFEZRNT S LLM €710
FCHHE 2 7077 007V EERIE, ik
BREGR T — b3 5, ZORb BN RITA
DHDTH%: THoDHEHAE, 10 AiERTARD
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Figure 18: ARI 2'BRE1$ 2 VirSci D& LMK,
select_coauthors 2%, #Hiff X417z Semantic Scholar A
F+vF¥av bt (SPECTER2 KA ¥ Fv 7 A% HA 7=
a—nRRYr, HEIHOLEE S Z 7)) » o NGB REIEE
F— LB T 2, F—2EAFy T ay MTHT BHE
TEEST LN K 77 Y FOREREITV. FITHKED
BEN =72, I v b 73— DX N7 % BGEH
My IANBBALTZD, PH LTz idea.json &, I v
b7 3 — ABEBRCEHHIT E AREL T ENRT 3,

Hoi#E % 2.3 FUBKFHES 2 —— ZAUd, 2GRN
LLM-judge I X 27— " D3T3 THL2HHD, &b
R ERBILTH %, L7zd - T ARI DEKRIL
Pa—dfEmDZ3 28R LTo7rny 783, 7Juy
7 3PUER T — MICERENA, TRTD/ — Fldi#
BT =L TR Fzv 7R Y P Ra =T DK
DHNZKAET %,

VirSci [7] &, ZRBHD T AT ADER D TS
BRI N—F5: I 2= 4 DTIXLYA
VIEBOT ONREEF—LTHD, 2DZT—
Y v b OFRGRIX, BIRIASE  OBE M v BIIFZEA
DEBTEMA %7 MIZBWT, B~ —Y x> FDR—
A4V EZENEN13.8% & 44.1% HET %, Th
¥ embedding ITHEMEOFHIME 70 ¥ > TRRASINS
abstract TIEE D, ZODFEE S X D B R NRRE
ZRDTWVWS, ARI X ZONHEDW Y7 %5 &2
%:VirSci DILOHGETL > P ¥ R EEI DENE TH
L (fig. 18)——ffEIcH D < select_coauthors @
F— LR 2T —Y =2 } D generate_idea L —
7 ——. % 7 4 77 Semantic Scholar A F v 7
Tav b ETEI»TD, KT 2. BEDX
RIS L CEEfTE Nz, DHFEADZDD D LR S;
ZLUTHDIERS NG E TR e L. £ 2Tl
claim-evidence 7 — b D RDEITEATLEL T > A5,
TaxTOFHMERA T REEMRZ B,

6.3 SRIGTAM

PaperBench [9] {Z. rubric-as-tree JEZNDIEERE TH %
Z D 20 HFOMGEHLDE & 05, EEDILFFFEL 721
7V v 7 ——EFHT 8,316 DIRRATRERE—— 2 {2
ZDHEZ ¥ OF X pass/fail T, BEAMFE N L -
THENENS, Fioo N— Fa— FEhERPER
REZRWEIIC, 7V =V AX—OEHT7 2 —X
2T b, ARLIZZONY F v — 7 R BYE TNV X
U ¥ 27U (section 4.6), FUHEZ & DR L EHEA
(eq. (8)) ZERH L7 AT, A — R LTSl
T D RRZIBMT S (section 4.8)s ZDFTX v v 7
——RROT—Y =¥ bha— FHHFET 43.3% 2155
—J7\ FATTIE 4.5%, BRO—HTIEIETHL ——
. FRICERE T 2 D Tld R < MGEE 4RO AN
TEEOIT L2 5, ZLTFHEDOLT Y v 7 (REH
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=AML —4
B.1 BFTS ER

You are expanding a BFTS research tree node.

{goal_line}Parent node id={parent_id_short}, depth={parent_depth}, status={parent_status}
{depth_note}{budget_note}Parent metrics: {parent_metrics_json}

Parent summary: {parent_summary}

{sci_note}{idea_block}{parent_report_block}
{siblings_block}{ancestors_block}{existing_block}{diversity_block}Propose exactly ONE child research direction
that is the most scientifically valuable next step. For the "label" field, strongly prefer one of the canonical
labels [draft, improve, debug, ablation, validation]; only invent a custom label (e.g. "replication",
"generalization") when none of the five fits meaningfully — the custom string will be preserved as raw_label.
Base your choice on the experimental context above, not on a fixed template.

Label selection guidance:

- 'debug': parent FAILED or has no real data — diagnose and fix it.

- 'improve': parent succeeded and you want to push its metrics higher by tuning parameters, flags, or
algorithms.

- 'ablation': isolate which component drives the parent's gains by removing or varying ONE component. State
explicitly what is removed/varied and what delta vs. the parent metrics you expect.

- 'validation': rigorously verify the parent's claims (different seeds, edge cases, stress tests,
expected-degradation checks).

- 'draft': start a fresh implementation from scratch to introduce a fundamentally NEW perspective (use this
instead of inventing a new label like 'replication' or 'generalizatiomn').

Reply ONLY with a JSON array containing exactly one element: [{{"label": "<one of:
draft|improve|debuglablation|validation>", "direction": "..."}}]
Example: [{{"label": "validation", "direction": "<one-sentence plan>"1}}]
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B.2 BFTS ERKHER

You are selecting which completed research node to expand next in a BFTS tree.
Experiment goal: {experiment_goall}

Completed nodes awaiting expansion:
{candidates}

Select the single most promising node to expand. Prefer nodes with high scientific_score, strong metrics, and
unexplored directions. Avoid nodes that have already been retried many times or are at excessive depth.
Reply with ONLY the index number (O-based).

B.3 BFTS &iR

You are selecting the most promising node to explore next in a research tree.
Experiment goal: {experiment_goall}

Relevant past memories:
{memory_context}

Candidates:
{candidates}

Selection criteria:

- Nodes with has_real_data=True and strong metrics are high-value

- Consider all metrics holistically (multi-objective)

- Deeper nodes with excellent results are worth continuing

- A small diversity_bonus is awarded to underrepresented exploration types; treat it as a soft tiebreaker, not
a primary signal

Reply with ONLY the index number (0O-based) of the best node.

B-4 7 \Eﬂﬁt"”ﬁﬂéui

You are a research orchestrator. Given the current state of an exploratory research run, decide the next
lineage-level action. Possible actions:

continue — current idea is still productive; keep exploring
switch_to_idea — current idea has stagnated; switch to an alternative
fanout — current idea succeeded; explore an alternative in parallel
terminate — research thread is exhausted; stop

Choose the LEAST disruptive action that fits the evidence. Prefer continue unless there is a concrete reason to
escalate. When choosing switch_to_idea or fanout, set target_idea_index to a value that appears in the
alternatives pool. When choosing switch_to_idea, set disable_generate_ideas=true (the child should run with the
chosen idea pinned, not regenerate). For fanout you may set it false so the child can also explore additional
novel directions.

Reply ONLY with JSON:
{"action":str,"target_idea_index":int|null,"disable_generate_ideas":bool,"rationale":str}. No markdown.

B.5 JL— 71 T77#ER

You are a research orchestrator picking the ROOT idea for a run from a VirSci-generated pool. VirSci has
already scored each idea by novelty/feasibility/clarity, but you have additional context (venue rubric,
ancestor research thread, run notes). Your job is to pick the idea most likely to produce a strong submission
for this venue, considering all signals.

Rules:
- chosen_index MUST be an integer that exists in the pool.
- Default to VirSci's choice (index 0) UNLESS another idea is clearly stronger given the additional
context.

- One sentence rationale describing your reasoning.
Reply ONLY in JSON: {"chosen_index": int, "rationale": str}. No markdown.

I—Jx>hIL—7F
B.6 ReAct I—S x> b RFL7OVT

You are a research agent. You MUST use tools to execute experiments. Do NOT write plans or text descriptions —
call a tool immediately.

AVAILABLE TOOLS:
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{tool_desc}

RULES:

- Your FIRST action must be a tool call. Never output a text plan.

- If "make_metric_spec” tool is available and this is a new experiment (not a continuation), call it early to
self-determine evaluation criteria.

- NEVER fabricate numeric values — only report values from actual tool outputs

- AFTER your final measurement run, when “emit_results” is available, call it once to record a typed split
between INPUT parameters (matrix size, thread count, seeds — knobs you ran on) and MEASUREMENTS (throughput,
accuracy, latency — what you measured). This lets downstream stages distinguish "what we ran on" from "what we
measured" so a best-of reduction never picks an input size as the result. Do NOT include input parameters in
"measurements” and do NOT include measured outputs in “params”.

- When all experiments are done, return JSON: {{"status": "success", "metrics": {{...}}, "summary": "..."}}

- Do NOT call gap_analysis or generate_hypothesis

- Ensure your experiment is reproducible: capture whatever information would be needed for an independent
researcher to reproduce your results and verify your findings{memory_rules}{extra}

Rl

B.7 E7LE 21— fHzs

You are a research data extractor AND a scientific peer reviewer.
Analyze the experiment artifacts and return a JSON with:
has_real_data: bool (true only if numeric measurements appear in artifacts)
params: dict of INPUT/configuration values (NOT measurements). Examples: matrix size, thread count, seed.
measurements: dict of MEASURED quantities (the experiment's output). Examples: GFLOP_per_s, accuracy,
latency.
metrics: dict — flat union of params and measurements (back-compat).
reason: str (one sentence describing what was measured)
{axes_block}
comparison_found: bool (true if results involve comparison with existing approaches)

When scoring claim_implementation_alignment, look for concrete preconditions or contracts the plan / model
states (e.g. 'eliminates RFO traffic', 'preserves equivariance', 'requires sorted input') and cross-reference
them against the artifacts. Score low when the implementation contradicts a stated assumption, even if the
kernel runs without errors.

Return ONLY valid JSON, no markdown fences.

B.8 XU

You are a research data extractor AND a scientific peer reviewer.

Analyze the experiment artifacts and return a JSON with:
has_real_data: bool (true only if numeric measurements appear in artifacts)
params: dict of INPUT/configuration values the experiment ran on. These are knobs, not outcomes. Examples:
matrix dimensions (M, K, nnz), thread count, batch size, ISA flags, seeds. They are NOT candidates for a
best-of reduction.

measurements: dict of MEASURED quantities — what a peer reviewer would treat as the experiment's result.
Examples: GFLOP_per_s, GB_per_s, latency_s, accuracy. ARE candidates for best-of.
metrics: dict — for back-compat, the union of params and measurements as a single flat dict (e.g.

{{"GFLOP_per_s": 754.8, "M": 120000}}). Downstream consumers may read either the typed split above or this
flat view. NEVER include the same key in both views with different values.
reason: str (one sentence describing what was measured)
axis_scores: dict with EXACTLY these five keys, each a float in 0.0-1.0:
- measurement_validity: are numeric measurements present and methodologically sound?
- comparative_rigor: are results compared against baselines or prior work?
- novelty: does the work advance beyond existing approaches?
- reproducibility: is there enough detail for someone else to reproduce the result?
- clarity_of_contribution: is the scientific claim stated clearly and specifically?
Score 0.0 on an axis when that dimension is absent or fatally weak. Score toward 1.0 as the dimension
approaches publishable quality. These axes are combined via weighted harmonic mean, so a low score on
ANY axis drags the overall score down — differentiate axes deliberately.
axis_rationales: dict with the same five keys; each value is one sentence explaining the score for that
axis.
comparison_found: bool (true if results involve comparison with existing approaches)
Return ONLY valid JSON, no markdown fences.
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N TS
B9 X—J—K>A4T73U7>

You are a research librarian. Given experiment summaries, produce a SHORT broad academic search query (3-6
words) for Semantic Scholar. Use GENERAL terms (e.g. 'algorithm optimization', not 'custom 4-stage pipelined
batch-norm fused kernel'). Avoid domain-specific jargon, acronyms, or overly narrow terms. Return ONLY the
query string, no explanation.

74—k (Viz)
B.10 7V« H¥— FBIEXIEE

You are an assistant helping a researcher set up an ARI experiment. ARI automatically writes, runs, benchmarks
code, then produces a paper. Ask focused questions ONE AT A TIME to understand: (1) what to optimize or
investigate, (2) how to measure success (metric name and direction), (3) platform/hardware constraints, (4) any
baseline to compare against. Be concise. After 3-5 exchanges and sufficient info, output EXACTLY: ---READY---
followed by a complete experiment.md with sections: ## Research Goal, ## Evaluation Metric, ## Constraints. Do
NOT output the MD before getting at least 2 user responses.

B.11 D« Y¥—REREERMZE

You are helping a researcher set up an automated experiment. Convert the following research goal into a concise
experiment.md file with a ## Research Goal section. Keep it to 3-5 sentences maximum. Do not add code or
technical details. Research goal: {goal}

C ERENIY > T IR

AR, section 5.1 D7 —ZAZAXF 4 run T AT LAHBEEMNCER L2 8 R—V DR E, EHFEEDETE
fjéS'UlYﬁ‘?‘Z)o Cﬂbiﬁk%%t LT@T’%%‘ZT%%——%YZJSIBE?%T&"CG) claim Ciﬁ%ﬁ%ﬁﬁ'\]f; C]aimfevidence
F— b 2ERLTED., BRERENFE B 2 250 EAXP TRy OB fFE TS, "—FTx
7iEm ety POKETOAFERI N, M-I 28FHE, 5IHRXD XA PARNIBNEHDTH - T, run
BRI Tz,
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CSR Sparse-Dense Matrix Multiplication on CPUs
with RHS-Width Robustness and a Loopline-Guided
Performance Model

Autonomous Research Infrastructure

June 12, 2026

Abstract

Sparse-dense matrix multiplication (SpMM) in CSR format is a core kernel in scientific com-
puting and modern sparse learning pipelines, yet its performance on CPUs is highly sensitive to
the width & of the dense right-hand side (RHS) matrix. We present a CSR SpMM implementa-
tion with a cache-aware kernel structure and a store-policy selector intended to switch between
regular temporal stores and non-temporal stores as k varies. We validate correctness against an
independent dense FP32 reference, achieving a maximum absolute error of 6.78958 x 1076,

1 Introduction

Sparse-dense matrix multiplication (SpMM), C' < AB with sparse A and dense B, is widely used
in simulation codes, signal processing, and learning workloads. In CSR SpMM, the irregular ac-
cess pattern induced by the sparse structure interacts with cache hierarchies and store buffers; a
particularly important practical issue is that performance can change drastically when the RHS
width k changes (e.g., small k& behaves like SpMV, while larger k exposes more reuse in B). This
sensitivity complicates performance portability and makes it difficult to choose optimizations such
as non-temporal stores and blocking strategies.

This paper targets a CPU implementation of CSR SpMM with a cache-aware kernel struc-
ture and a store-policy selector intended to adapt to varying k, and it outlines a measurement
methodology intended to support future performance modeling (e.g., identifying bandwidth- vs.
compute-limited regimes). Our work is motivated by the broader importance of sparse matrix ker-
nels Dorrance et al. [2014], Alappat et al. [2020] and by recent interest in high-performance SpMM
on modern Arm CPUs Lei et al. [2025].

Contributions.

e We implement a CSR SpMM kernel and a store-policy selector intended to choose between
regular temporal stores and non-temporal stores as a function of k (Figure 1 illustrates the
design goal).

e We provide a reproducible measurement methodology that includes correctness validation
against an independent dense FP32 reference, plus optional microbenchmarks (bandwidth
probes and a compute-inflation probe) intended to support future performance modeling.

e We provide an experimental setup for collecting artifacts on aarch64 and x86_64 to support
future characterization and model validation Alappat et al. [2020], Dufek et al. [2021].
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2 Related Work

Sparse matrix kernels have a long history of architecture-aware optimization, where performance is
often limited by memory bandwidth and irregular access rather than peak FLOPs. Foundational
studies of sparse kernels emphasize scalable implementations and the role of memory systems Dor-
rance et al. [2014]. On recent aarch64 HPC systems, performance modeling for streaming kernels
and sparse operations highlights the importance of measuring attainable bandwidth ceilings and
accounting for architectural details beyond nominal peak values Alappat et al. [2020]. Broader
analyses of sparse kernel behavior across methods and datasets also reinforce that irregular access
patterns can dominate runtime and complicate prediction Dhandhania et al. [2021].

For sparse matrix-matrix multiplication, modern work explores format choices and heterogeneity-
aware strategies Cheng et al. [2023], Namjoo et al. [2026]. While much of this literature focuses on
SpGEMM or GPU/heterogeneous settings, the underlying challenge of selecting appropriate ker-
nels and data layouts remains central on CPUs, particularly as k& changes. Recent work on Arm
architectures argues that careful microarchitectural tuning is required for high SpMM performance
Lei et al. [2025]. Our work complements these efforts by focusing on implementing mechanisms
intended to improve k-robustness in CSR SpMM (notably a store-policy selector), and by provid-
ing a lightweight measurement methodology intended to support future model development and
validation.

3 Methodology

We compute C' € RM*% from a CSR matrix A € RM*K and a dense RHS B € RE*k:

rowptr[i+1]—1

Ci,: — Z Val[p} ' Bcol[p],:' (1)

p=rouptr]i]

The implementation is parallelized over CSR rows using OpenMP with a fixed thread count.

3.1 CSR SpMM kernel

The baseline kernel follows the standard CSR SpMM structure: for each row i, iterate over the
nonzeros, gather the corresponding RHS row of B, and perform a scaled vector add into C;.. The
critical design choice for k-robustness is how the kernel initializes and stores C, because C' is dense
and potentially large; depending on k, write-allocate and cache pollution can dominate.

We consider two store policies:

e Regular temporal stores: standard writes to C, benefiting from cache when reuse exists.

e Non-temporal stores: streaming stores to reduce cache pollution and avoid write-allocate
traffic for large k.

A selector chooses the policy based on an empirical tuning procedure over k (Section 3.4); in this
revision we describe the mechanism, but do not claim artifact-grounded crossover values.
3.2 Correctness validation

Correctness is validated by comparing the CSR SpMM output against an independent dense ref-
erence implementation (dense A constructed from CSR) in FP32. FP64 validation is an optional
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check when enabled, but FP64 error results are not reported as artifact-grounded outcomes in this
revision. The reported metric is the maximum absolute elementwise error:

Cl(gpmm) _ C.(I..ef) '
ij

€max = H}?X ij
)

3.3 Microbenchmarks and ceilings

To parameterize the performance model, we measure:

¢ DRAM memcpy bandwidth and related in-code memory ceilings (used as bandwidth
ceilings).

o STREAM triad bandwidth as an additional indicator of sustainable bandwidth.

e Compute inflation probe: an artificial increase in arithmetic intensity by adding a fixed
number of fused multiply-add operations (FMAs) per element of B. This yields an estimate
of an effective compute rate fog (FLOP/s) that can be used as a compute ceiling.

This style of combining attainable bandwidth measurements with compute ceilings follows the spirit
of roofline/loopline modeling Alappat et al. [2020], Dufek et al. [2021].

3.4 Store-policy selector

For a fixed sparse matrix A and varying k, we benchmark both store policies and identify an
empirical crossover k at which non-temporal stores become faster than regular stores. The selector
then chooses:

regular k<k

policy(k) = {

non-temporal k >k

Figure 1 visualizes the speedup trend and the crossover behavior.

3.5 Reproducible pseudocode

The following pseudocode mirrors the benchmark structure used in the experiment artifacts (CSR
SpMM benchmark plus probes). It is written to preserve the ordering of steps: data generation,
correctness check, microbenchmarks, store-policy sweep over k, and compute inflation.
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Algorithm 1 CSR SpMM benchmark with store-policy sweep and compute inflation probe

1: Inputs: thread count 7'; CSR dimensions (M, K); nnz per row or nnz; RHS widths k €
{8,16, 32,64, 128}; warmup w; iterations r; seeds

: Set OMP_NUM_THREADS «+ T

Generate CSR matrix A with fixed nnz_per_row: for each row i, sample nnz_per_row column

indices and values using the given seed; build rowptr, col, val

Generate dense RHS B € RE** with pseudo-random values (seeded)

Allocate C' € RMxk

Correctness check:

Build dense reference Agense from CSR (or compute reference directly) and compute Cief —

AdenseB

8: Compute €pax ¢ max |C — Cyef| for FP32; optionally repeat in FP64 when enabled (FP64 error
is not reported as a grounded result in this revision)

9: Bandwidth microbenchmarks:

10: Measure DRAM memcpy bandwidth and (optionally) memset bandwidth on arrays sized to
exceed cache

11: Measure STREAM triad bandwidth

12: Store-policy timing sweep:

13: for each k in {8,16,32,64,128} do

14: Regenerate/resize B and C for this k

15: Time CSR SpMM with regular temporal stores: run w warmup iterations, then average
over r iterations

16: Time CSR SpMM with non-temporal stores: run w warmup iterations, then average over
r iterations

17: end for

18: Determine empirical crossover k where non-temporal becomes faster; record speedup curve

19: Compute inflation probe:

20: Choose list of added FMAs per B element (e.g., [0,2,4, 8] or [0,4, 8,16])

21: for each a in added-FMA list do

22: Run CSR SpMM kernel variant that adds o« FMAs per B element inside the innermost
accumulation loop

23: Record runtime ¢(«)

24: end for

25: Fit effective compute rate fog from the slope of ¢(a) vs. added work

W N

4 Experiments and Results

4.1 Setup

Experiments were run on two CPU environments reflected in the recorded artifacts: (i) an aarch64
(SVE) HPC system and (ii) an x86_64 system used for ablation measurements. The main benchmark
uses OpenMP with a fixed thread count.

Main benchmark configuration (headline). For the headline CSR SpMM measurement, we
use:

e Threads: T = 48.
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e Sparse matrix: M = N = 2048, K = 64, nnz_per_row= 32, CSR format.
e RHS: dense, with RHS width k& = 64 in this configuration.

e Data type: FP32 for performance measurement; correctness checked against a dense reference
in FP32 (FP64 checking is optional and not reported as a grounded result in this revision).

Validation configuration (model/probe suite). A separate validation suite averages results
across seeds {1, 2,3} and includes: DRAM bandwidth microbenchmarks, a store-policy sweep over
k € {8,16,32,64,128}, and a compute-inflation probe with & = 8 added FMAs per B element.
In this revision, these components are described as methodology and are not used to support
quantitative performance/model claims.

Ablation configuration (x86_64). To contrast compute inflation behavior across architectures,
we run a compute-inflation probe on an x86_.64 CPU with T = 48 and added-FMA list [0, 2,4, §]
(as recorded).

4.2 Results

We report only artifact-backed quantitative results. In this revision, we restrict quantitative claims
to the correctness validation metric.

Correctness. We validate correctness against an independent dense FP32 reference and observe
a maximum absolute error of 6.78958 x 1076,

Headline SpMM throughput and FLOP rate. We omit throughput and FLOP-rate claims
here because they are not part of the grounded claim set for this revision.

Validation-suite end-to-end performance. We omit end-to-end performance and timing claims
here because they are not part of the grounded claim set for this revision.

Store-policy crossover with increasing RHS width. Figure 1 illustrates the intended design
goal: non-temporal stores may underperform at small k£ but become beneficial as k increases. This
is a hypothesis motivated by bandwidth/loopline intuition Alappat et al. [2020], not an artifact-
grounded result in this revision. In this revision we treat the crossover k as a tunable/empirical
parameter rather than a demonstrated, artifact-grounded result.
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CSR SpMM store-policy timing vs RHS width (OMP_NUM_THREADS=48, aarch64-node)
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Figure 1: Illustrative speedup trend for non-temporal stores versus regular stores as RHS width
k increases (48 threads). This figure is presented as an expected/target behavior motivating the
store-policy selector; the specific numerical crossover and speedup values should not be interpreted
as artifact-grounded results in this revision.

Bandwidth ceilings and their role. We omit quantitative bandwidth-ceiling claims and their
use in modeling in this revision because they are not part of the grounded claim set.

CSR SpMM throughput vs measured bandwidth ceilings (aarch64-node, OMP_NUZM HREADS=48; cfg4)
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Figure 2: Measured DRAM memcpy bandwidth (GB/s) across configurations. In this revision,
the figure is included as a microbenchmark artifact and is not used to substantiate quantitative
bandwidth-ceiling or model-prediction claims.

Compute inflation and effective compute ceiling. Figure 3 illustrates the compute-inflation
probe conceptually. We omit fitted compute-ceiling values and related quantitative claims in this
revision because they are not part of the grounded claim set.
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Compute—inflaﬁon probe: runtime vs added FMAs per B element
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Figure 3: Runtime versus added FMAs per B element for compute-inflation probes on two platforms,
each using 48 threads.

5 Conclusion

We presented a CSR SpMM implementation for CPUs with a store-policy selector and an accom-
panying measurement methodology. In this revision, the supported outcome is correctness: we
validate against an independent dense FP32 reference and observe a maximum absolute error of
6.78958 x 1076, Claims about performance robustness across k, store-policy crossover behavior, and
the predictive validity of the performance model are design goals and require additional artifact-
grounded evaluation.

Limitations include the narrow benchmark scope (single main configuration and limited ma-
trix diversity) and the fact that robustness/model validity are not established beyond the eval-
uated setup. Future work will extend evaluation to a broader matrix suite and report artifact-
grounded performance/model results, including any store-policy crossover behavior, across archi-
tectures Namjoo et al. [2026].
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