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o VPHIRBLEBARIEBORS . 1 SO
HMATE S BALEE, phicad K S Z SR
PR ——f iR A A — A U S
BT A% H W A 45 W22 BR (section 4.5), 1M
FERRIBTE T4 B B & 2% H A Rk
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i T EL TR AR BRI RS TP 2 IR LG 21,
BEG AT K B R 2 s A Akl
WA R il 45

o PRI R A MR . 1] 1) 2 B PG - 2 SRS
LRI R RE S TR A A EE. T
EIRATRRAERC. S LSRR AR 5 ——
TE RS SR T PELIBT B 2 AR, A5 DU (S A1 45 1T AN B
Wro BB R—id SR S R A A
SR 2% ) T S B A R AG A L AR R R S B
BRALAN T S AL R ToVE M E B iR B R
HTERTE R . 1247 A AT L7 0 T S D
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R Sy IUAT 2 A R RN ST o 1 SOV
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H AR B AR PR B 1192 F

4.4 PEorgimiEX
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B w; WE Y, wi = 1, DARR AR5 1) ) B
# judge, : P — [0, 1], 30184 BN 4L A

score(P) = Zwijudgei(P). (8)
BERF S5 3T 40 55 PaperBench [9] 3t ——Hr —
JEM I A 9B 18] _E A28 ART dlid vendor
R EIA S T B (section 4.6), fEHH 5K A
T XA TBERE B IR R PR T E P
LLM $F4345%, PASA ] B e s B fE A g e i s 1
WarEs (A [ A2 & ASE e B 57 ] ). P
SRR PALER O, BRI RS [% (section 3) HiE3C
TR SR it — MR AR S 2 A .

PRI AW RRAE X 22— i . agent-benchmark
B AL ST R DT 70 AR A, 2% - R i sub-
mission FYPFTHI S PG SC—RIEUR Paper-
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FE PRI ARG, A MR8 SCCA B Bl 58
BV HPC FIUPES a0 s, R
T2 [ REIA RS X Fie 7] g X soe
A T R IR NER?) . venue K1 (FIHE
setgh Qi EE) 3% venue BIARBRALT AR AT,
i ARI & .0%3F domain-agnostic (P4), Hi¥ venue
Py € IE | AW TR S

*§ paper-audit 1373 MIBALIX B
sion 4B A PA submission y FifHH-HE [ 5]
TRk, FFEAE R S SO A TR (B
H)submission 2 iR B SR B 5 IE S
MELEHFIE (BRI RE T B AL R M AR ) . I
VERF AT %R Artifact Description / Artifact Evalua-
tion PffSEAEMAISMG A . X LR 2 FAE ART 1)
f%¢ 2, vendor FBIHIE Toekgh, M i A
IR REE AT I . FATEE RS SCH BHREEA
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leaderboard 247 ANA] Ui AR 1593
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4.5 VP /SRS IREA
HORIRER G PR Lt J(Py) ARk P S h

Pt+11
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PP E B RO SR score(Pry1) —
score(Py) < e——a kBT /MG SRR BRI, 1
IRZE b WS40 S il A e — 45 1), section 5
FAEPATH AR 15 AR AN E B 323K

Rt J(Py) 22— I MIBIT I, HoR RS
H 4B M7 R venue ¥R (section 4.4 (114341 N
L)« R AN A IR BB PP (section 4.3),
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PALZ i ) ) A BRIR A AL TT 25 H o AR 4
PPER— AT S B R LR AWl A
JE AR TE R B4 45 K B, T venue TFHT AN MR S
e BB AL AT

o2 BRAE A 2 B A AR B B S I I
AT R TP AR (B i . X IEJR fig. 12 rh R
AR, RSO E PR SR B 573 1 {2 Al ) i A
TFRCATR A IR (section 4.8), PAB SR G {H AT
A ) R 52

4.6 PaperBench )%

52 IR AZ T =% PaperBench [9] Y E# S : |
IR Gl vendor 1k, fff ARI FFBRHALS 5
P AE X, ART ALHE I JE B ook — 2t de .
BRI UL S IEER A FF R = A L=/ AT 4 A B
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1. rollout ——& I G/ MIE S H &£\ submis-
sion (RS, DAK AT e FEBLIAS);

TERRE AR FARMLES L)k

KB EFEFT submission;

vendor (LI EFHe AT Iy sub-

mission P4,
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3. grade

WIS T e . e PP 52 ven-
dor 1HF;ARI [3d it NP Hoi L SR 217
RE NP5, Wt PaperBench Z A2 i3
o3&5677 301 vendor swap——[a — A eq. (8),
T JCMER judge; € {0,1}. H T, 0% fadl loud: 247
TRIRMEME A -PRYIZITI (R ERIstTiy . TolEEds
Jo GPU BPFEC), Ml S T i BRI 2 3 5 555 1Y)
163, BN ERERME 2 T390 58 5 leaderboard 2%
HAR . IHAEY silent-fallback 174114 25 opt-in
"

55 A RV AR LR IR BE MO fiE ML PR it
HIBE AR RS . A HUT BRI, 2 RER M i T
scaffold Hi# FI 15 AR AELER — 3R LA, If
AN SCESEEF MAIAE Python., ARI it
TR BEMAE scaffold Hi5E probe #bE. FHE AT
T HA#%/GPU/ W 4 AT ik P S probe AR BT 21
FHEICHORAT I X W —— (R R B 51
BILSE B BB AH — 2K

4.7 YT PUTRCELRY)

PaperBench FifffiE 51 GPU yMRAS:. NE
FITIRRA T EIHATHIIE SC——2 rank MPT W%,
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wXHED
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Bl 15: X PaperBench ZIMHARFR H=ATTHAEN B B REIAN rollout 8183 K ILIE4r 41 %%k Ky submission (LS5

FHIHAR); reproduce FERG BV HIITI% submission, iR H & K& H# H; grade ¥ A9 540 R A4 submission 174,
Hrp vendor P43 A IFL PSS g € {0,1}, IS0 RIEREREGHILE s = Y, wigi(eq. (8)).
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s | HfEE GPU 4RE. & GPU BB K. 5

B A FARREARSCIR K . — IS T3

R BT IR RLNRY ART 4 TS o

S MPT 55 10 307t R HPC 8 SOl ALt

profile JSON KR \ %r,.mal ’ It % FS [ GRES \ CEE ] ‘ %% 254k vendor ALRTEES ARIL BOFE 1Y e
\‘rgﬁﬁm/ PREFAZZ.

Bl 16: SAFELE LA SR Ar A 48 BB S

Jr: BIMEReARRERE (Z8) SEREES (F). B8 DRI A A S B & . To— BRI

(GA
probe [k % M VE OB A RS, R (T 44 \ RN e
BT % TS T T R R S
MIE S Bt | T B T S 53247 i AR B B

FAER NI R T C A7 OUH LSRR 0L T U582
HEERARK 2] ARI W52 02, S5l
ZW R, SRR E BRI ——ARL DAFIIE  gmgepit i (R
W) AATEE (fig. 16) PRI . ZELE domain-

sotics A A LTS (L CPU. s+ B LLMSERE e i R R 14
U, MPL. MPLLGPU) 6 ey AL i £ PEER . AW T S o B e e
TV BT, TR SRR UG AT (L 78 RO PP, G R PR L3R T i
L AL S W s BRIV R A B T
. TR B REHLAAETZ R FC (sec-

tion 3.10) {4 G5R d 7™ 1) S HRAESR B8
HRIGS, AR HAF A E B 5K (eq. (6)), I
R B A RS, 1 IC SR B ICIR N

B AP N2y (fig. 16). EAEN Y [T
AT RMITAE ] PSR G A (SEH
VAREAR A A Sha MR MPT S 3l8s . PRG0S . wall-

clock f35—— HEIEVE LR, IS AERER TRRIEE

Y (4. GPU. WEFSHCRIER). MFAEmdE o SUNLISE: sl IRTEER SR, SRLsH
T BRI, BB probe Vel R RS RS R, L SR
AR E SR R AR, A (9 HAER R AT 5% 5 By (section 6).
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o BRIERE: REMN0 ETHMIRSGERERE. %
o T B ATk RS (L T o b A,
— BRI ICTASE ) — B A 5

o BAERE: A RS IR I B IR a8 R A
— B i T U R KR A T R A A
HMEAA (section 4.3), By kA 325K EHe 17 ]
REEF I B AL T 45 R FOFT T T AR5 22 N X
(fig. 14); HEHIHEMEA—BHIHESBARC, T
section 4.3 {5 FHLIT M PR 1% A I A fie 25
R A A, I R A ATFIB A .

BB context: 5 AR IRIG I E 1%
RIS B T R RS, HAZ RN,
1 RS B ]2 A T B AR L AR R TE ALY context 7 1
Z W

5 WIbMLE

AR R RS v0.9.0 FRH LAY
A4 = — U BGEAT, HRARIY I
i3 T AR (section 5.1); % it
B BT IS T P B ARG HER (section 5.2); b
TSR LA A5 M v0.8.0 k2 FIFRI B
4] (section 5.3). FiACSLHBIBHIENER: SEI Y
VLS S BB AT T A A B, 8 (1A T A0
BEBFSC 14 I TAF (section 5.4). AHi2% MlAb i
BB (0, 1 [ T R AR R A, DA
BE SO T B

5.1 ZRBIWFsE: —Rmeill S pilig s

A — > it 2 i 45 R A5 B EUR H LA g O
BAT R BIE C——H—WESETH E7 N
8 T BEFEELMbiiT (Compressed Sparse
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—ANHRKETT B S LA T PR (185
PRz A [loopline] BIAL) {55 T, ¥4t (RHS)
S SE A TAEAR ARG . FoAT ] 2] s ML 38 BRI UGB AT
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B AL P — AR .

k&, st R A —AE M R B B
WHERE, HAEIRRBIT R TR E TR R (sec-
tion 4.3)—— M T 12 FZAEh K. Hd 9 &
F2 BN S L B I R AR S AR 4T X R % S S
MIERRPE. RIS . — DA 4R 5
— AR ERIARET . N R ($RF S A gk
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G AT IERYE: X B — ANl S B % 5 25 5
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P 12 &R R E A B
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i A AFHH T B A2 S U . ARG BE 1R 22
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WM——AEAEAT h BRId R 7 k27
FER AR H v

A 1 ERAT R BIESCRIBTE 2 [ 17U EC, e A
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SO FE R SR UGa T RE SCHE IR
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VRS, DAL T S e RTRY 3 4%
M — ot A e g 55— WA HRERIE S5, TE
B PR LA A S USRI, PR TS Y
AR rp e o — N B P % R K B T — 451
s, T AR S AR AR T

GRMY. UL R X B AR T 2R Y
Y. —F AR K ICTE h— DA T AR Y
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TR BRI ZEDREHU AR R Y 0, BT B T A
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3, TR B A L AU S
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BT TR 7 AF 2, DARGRSCHE FURSEXfab.  i%45R
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SR, A E PR VOB G MU R 2B
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SEARE S L, B R (FP32) s KAt
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HOREEAR . TP IR E Y R I T TR ORI
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9 £IREE + 3 HitEE LZHE 045 iR
HRTIEEF ¥
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ME. BIE. #E
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Pl 17 EBIBTTEIZAT, B8 KRR AR —A TAER
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1 TAR H SR, HRGRAORI I BTG Ak 5 1
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H, LIS S BRI Z T, R ISR SRR ) E S P
SRR ARG, B AR S e SOOI
ARSI AN, ELARRE R B i 4 2R 10 H sh A
R4 I TAE (2] BRIRGRERIIZF TR TR, i
AR 5 - SOR IE PR RS s B s 4L A B
HAHASL A3 —BIE SR T SCHEIR B 2451 5T

5.2 oL IYE R

38 =V R AR R O s AT AR R
N AT RAEH: B USRI R — 23
FICAR, HHGBF T B A S5 RISk IR R A
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FRET NAMR @R, I OO BIAE 205 A
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FILZFTEE (section 4.7): X—fEmEERETTH A (HPC)
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FI BRI PESRA SR E 2 G, BASHL A B 25537

5.3 —JiHR AL (v0.8.0)

AR ZRGEE Wi B i a4 T SR T v0.9.0: 24
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Gy P I A, R E A, AR T
BREAR AT M EHERK LA 5 Wik 3 —
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R FLTI0 5T B AT i i A 25 SR A s —— HL R e
ARAESUHREH I [ WU — /N IR 8 B AT 240k, K
HpBdhe 5 A MNP B el XmAiTh
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IR G B AR 0 29 s/ AT AW 208, AR SR 1)
idea. json H7Ki#T-& s A TR M A

AR B3R, 7EAB B claim—evidence ][] L 44
AT T AR = B 8 B2

6.3 WL
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M5 REGIE (eq. (8)), H E—AESAR
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P2, BIefEVE RN, f& RFEHR LR IR E
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b B A REEATI RG] HFEEA—
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Algorithm 1 BFTS run-loop(BRAMNZEL).

Input: Jk & S = (F,P,e, H); it B

(BN,Bp, Emax) 5 worker ['[R max_parallel =

min(max_parallel_nodes,4)

Output: HHERAE S

L: > — WEY RTIRH —
2: while F # 0 A |P| < max_parallel A |N| < By do
3: f + select"™ (F) > select_best_to_expand
4:  if II(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: > — SMNZHATRITHIR —
11: B« 0

12: while |B| < min(max_parallel, |P|) do

13: n < select™™ (P) > select_next_node: FAF5
14: P+ P\{n}; B+ BU{n}

15: end while

16: for all n € B 3147 do

17: n' < ReAct(n) > AgentLoop.run, 1 fEJRIY
18:  H + (H || label(n))[—W:] > record_run
190 F+ Fu{n'}
20: for all p € F: p =pa(n’) do > RN A
21: if r(n') > r(p) then
22: F <« F\A{p}
23: end if
24: end for
25: for all p € F do > # B
26: if e(p) > Fmax then
27: F «+ F\{p}
28: end if
29: end for
30: end for

31: return S’ = (F,P,e, H)




Algorithm 2 JE#EZ%E (KR — EEHHA).

Input: 77 AR ROTE R R N FEART7 [ WL
Output: Floiosk & MM HEMRE. TIEEN

1:

I T e e e T

e
n*  argmax,, ¢ r(n) > @] EEAE, HIRE B
L + lin(n*) > MR A H e b
C <+ {n € L:CONTRIBUTES(n) } > fAtaigid (i)
F« > AR EEAR — (TR, TR
for all n € L #EE )T do
for all n € C Hitf/ B4 p do
if p ¢ F Vv depth(n) > depth(F[p]) then
F[p] <= (n,depth(n)) > SRR
end if
end for
for all n B4 p do
M F ¥l p > MR AS BRI
end for
end for
TR A N Bl A p € F WY
for all & m ¢ Z do

best(m) « red. c[m] > eq. (7); BENE
end for
NARRATE(F) > LLM: B/ HE — 8o, W

return &
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ch(n) n BT&

pa(n) n ALY R

depth(n) n IR

s(n) I HRES € {open, eval, done, failed }
r(n) n AR 3l

e(n) P PR A )

¢ B — TrERGAE

div(n) ZRERID (eq. (4))

fb(n) i ERLRHET (eq. (5))

Tinaxs Cmax ~ HH /| AT

R P 40 AR

¢ 55 0 Ry

wj 55 0 A

judge; 550 HRYHE

P B ICHF

score(P) WICREHD (eq. (8))
Refine BT (eq. (9))
ckpt KA i H 5%

lin(n) ZIET n WIS AR

B igfsih LLM £

ARSI ARL ZEiE4THEIT I E) LLM $85R18], 54 H v0.9.0 B Zf) ari-core/ari/prompts/. Bk
SRR 5. W A B R ST, SRR TR, LA A o Ao
B PSR B
Htlkas
B.1 BFTS §" g

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_summaryl}

{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.
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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 'generalization').

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>"}}]

B.2 BFTS § bkt

You are selecting which completed research node to expand next in a BFTS tree.

Experiment goal: {experiment_goal}

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 &

You are selecting the most promising node to explore next in a research tree.

Experiment goal: {experiment_goal}

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 (O-based) of the best node.

B.4 i &REE S8

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
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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 MREIEERE

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.

eI
B.6 ReAct ARG

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:
{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}

VA
B.7 AR

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.
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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 bl

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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B.9 SCHEE BB

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.
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g (Viz)
B.10 i3 H ARG

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 [ fcE A RS

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 Ak Blig e

AR . ARG EHIGE RBAE section 5.1 BIEBINFFIBITH H A MK 4 8 TS . EAENF= Yk
WR——18 SCITEM A — 25 e Wil o T 2 PERY claim—evidence [§]]7], FL2 H CicskuEd 1 BRd, 1ESCHL R
AKAET Xob . T PATE A Z IR, ME—H BLA = M2 B EFERS e SCRRR L T AEXHE T T RS i

27



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*F from a CSR matrix A € RM*K and a dense RHS B € RE*k:

rowptr[i4+1]—1

Ci,: — Z Val[p} : Bcol[p],:- (1)

p=rouptrli]

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:

Ci(;pmm) . C(ref) .

€max — mMax
ij Y

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).

e 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 T; CSR dimensions (M, K); nnz per row or nnz; RHS widths k €
{8, 16, 32,64, 128}; warmup w; iterations r; seeds

2: Set OMP_NUM_THREADS <« T'

Generate CSR matrix A with fixed nnz_per_row: for each row ¢, 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' € RMx*k

Correctness check:

Build dense reference Agense from CSR (or compute reference directly) and compute Cies <

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 « in added-FMA list do

22: Run CSR SpMM kernel variant that adds @ 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 () vs. added work

w

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 SpMMos()t87re-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-n&d& OMP_NUZM_:I;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.

33




Compute—infla@on 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 1079, 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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