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1 R 1
1 ZEfaiit

1.1 SusIREhig I EE4 248

AT ASHRIR ST (Domain-Driven Design, DDD ).

M E MRS TIE (HPC) SZIGHNESRRS, FH3E 704 48 B 5 08 AR 1 3 i, AR
MR 2 fa NI AR & NS . DDD #Z%.0 H IADCE B Z I E H AL, Bl
TN A A Sz ] (Boundary Control), %Oy T 13E 5 b Bl S 5615 i (1 A5 2
MRS . XM E SR RS, ARG 51 A BT R “ SR v
F R SRS SR ANH A S5 % O A T RA RO (Core Domain) 5 SL56 L FE S
HE CnfcEmE. 2 REAERAT) JE TR HE (Application Layer); 1 JiE 1 &k
THEf S a7 E (CLD S5#3RFAML, MHIHAZEA R ZE (Infrastructure Layer) o

BATE R ™4k 5 AVUJZ: Interfaces. Application. Domain 5 Infrastruc-
ture. IX—ZEMJIEAE A2 & R ] (Dependency Inversion Principle, DIP): %l B
T ie) R, AEIERD 2 AR Sk 00 200 B[R] 48 7] B 204 () Domain = o XAIESR A it
(Orthogonal Design) AR H 72K T =4 W& K RS 7 -

o BEREHMEEME (Locality of Algorithmic Evolution): 7EH¥ok & #i2e
AR AL RS (U Cache Blocking Y, Superscalar Fr&E 4L B, ZBEFALFR T
Domain Jz AN M 1) 5258 8 FE -5 B RN K2 BIE R B R FFE I, AL
il TR IEER AR &L (Global Sprawl).

o ZIZEREMINIE (Deterministic Verification of Core Logic): &t
FEOVIW Domain E5REWH 1/0 (UIESEH R 2P EE RS 1)
BHEME, ZOEEBCON T SEEALT) “aipk 3 (Pure Functions) 7. XK
FEA T A IAE (Mock) HIRUAS, (H1S7ERS B 8L T AT S H il (Unit
Testing) BN ] fE.

o EAZIERITC4EE R (Seamless Substitution of Infrastructure): PEEELEM
i = TR (s itk ge it $ds 8k CSV B AL {NA/E N Domain 2
G 0 B BARSEEL (Implementation) #{VFEAN . XERELE T EE (FaM
x86 ZEMJIT L 2 ARM Z844) B, A8 5 S ie 18 0 FAE Al S A

EERARSEEG A “ Bk T . AR S/ FRIEAL (OLS) 5B R it o4~
EFHRART R, DDD JEMMERAMELE T B8 “BHESLRTER” B A—BEA T2
MRGE L. BRI EAERE, R AR R 5 ™ AR 7 115 DAE AR
TE [ ZRRY B e LA IEAR, AR T SRIR 8 R n] B BME (Reproducibility) 5 &b
HE RIS AR &
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%% 1. CPU-Lab MY/Z &M A 57 5 D REMLT

/= (Layer) R 5T IR AT 7]
(Responsibility) (Representative (Dependency
Modules) Direction)
Interfaces MEEANTEI NGS5 interfaces/cli/ {4 H Application
R, 514 cli_parser.
MEHS5HPZEILR  validation_
service. command_
dispatcher
Application B (Use application/*_ K Domain %5
Case), ZHZILIGI  benchmark_ Infrastructure # M
T, AREEAE pipeline
ZiiRT)
Domain HREAZ NSNS domain/matrix_ AR IR, A
HyL RS (Algorithm  dot/*. domain/sum_  {&Ki#i CLI
Policy), & XSLH* reduce/*. domain/
FAPATIE X shared/algorithm_
orchestrator
Infrastructure FRALFARE ST, infrastructure/ e EERH, AW

Wit . CSV A
th FEEERE

timing/*. csv/*.

system/*

WA L= 55

1.2 E#igiEE (Infrastructure) SCIRZATS

FEO B E BT B AR “HoRMEE " 5 COUEIE 7 RS —J7, RATER M
EAGETHR Chigh-resolution timing) FFilid fx/N Ze4l & (least-squares fitting) it
BALBATEA; S— 7, FATEIE RowLike FEAS AT (static reflection-like metadata)
H— CSV L5 A, waE SRR,

1.2.1 SHEEITRSHR/N_FILIL
BT 55 H R B SRR o 7, [l e H4Y G 28R A . T3 EH]. RE 3
EI) N Bo X i NREERE, BATLEEREN 2; (run__count), MM E] R y;
(ns), HJERLH
Y = oy + B+ &,

Hrb o TR BRLIAT A (ns/run), e &M



1 ZEMiLt 3

SCULJZ, HighResolutionTimer: :measure JG#AT# T warmup, FXJ—2HiHE
W x; KAE, BJE1E fit_linear least squares AT M H /N 3 (Ordinary Least
Squares, OLS). FA1&H/Mb

n

min » (y; —az; — )7,
o i=1

F545 21 A =
ny 2t —(m)
~ Y — ;T
5:§LyTlZ _
WAL E BT R E 23 (coefficient of determination) & :

o=

SSres ~ —
R2 =1- 59 ta SSres = Z(yl - yi)27 SStot = Z(yl - y)2
to

R — 1 W, ZMEER AR R DA BE run count ZEPEIGK” MBI
M TGS, AT SEIE AR 7 A SR 5

o MBS 2? — (Y a)? i/ CREESIBMD I, BEEN a=0. §=7.
o M 88 ~0 (FEARJUFHFE) B, & R?=1, BRBEENIE.
X« Z AL S AR SR UEI 7 SRR, A ARG TR 3 T e A 2R 1
FAS, A S AR LE A B AR E o
1.2.2 RowLike: ETF concept HEES LSRR TRHRIE

CSV F:Aiiix itk A RowLike £J3:
RowLike<RowT> <= RowT: :meta() FJZEZmiEHAT Al .

meta() R[A—/~H RowField<OwnerT, ValueT> QHEEE/J tuple, FEANFECE A4 5 R A
fat . XEM T AT Row KA B — 1 “Iwit 45 M (compile-time schema)”s

MR e FE (template metaprogramming, TMP) JZ1H, HEZLET index sequence
5 fold expression PpEIEJj tuple JofE &, FF7E for_each field HH 7B 44 I i 5l
HEREL R TR OB RS — /K EL:

o IEERIE: CSV record — #% header/ordinal L% — parse_cell<T> — JAF Row
FB

o Bi&1E: Row B — stringify_cell — CSV escaping — Hith.

HiZz W 2F & L3 (static polymorphism):
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o THEHRET R (no virtual dispatch), ZRAEE RIS 2 9m 1251 o
o i Row {7478 meta (), HEEHEERAEH.
o [Fl—HLHIFIIXE) row_header. FEFHIMb. FERIFAIML, {RIEGH—2E.

#5 2, RowLike 1 “Edm 544 7 #2H N H—FHIRIE (single source of truth,
SSOT): AU R B — IR, FEARRIEEE HRS —8UT A, TR B 52 % B 34 4é
FE LR 2 N B o

1.3 $uHE (Domain) BES5%EHE

SUZ B H AR AT “SEER R il RONESE B RS PAT ML AR SR
SRR N R . EATTE F, XA AlgorithmOrchestrator 4i— 7&K #:
25 7€ AL . SRR S A TB AT EVEX R, 4t —H) BenchmarkResult.

1.3.1 algorithm_orchestrator FIRIR TR IR
MERZGE, TRIZE LT EHE A Cconcept) 213K

P::algorithm_name() — string view,

AlgorithmPolicy<P> <= { P::run_once() — void,
P::output_fingerprint() — uint64_t.
XA TR A ST “ T gmaEsy:” BN 5e4#0 (minimal complete interface).
P HEN T — A B2 W 20 PR B R S0 I 551

operator O<P, Args...>(config, args...)

H P mER 5w, fikmi k51 (forwarding reference) 56, 1217 #1 R R
X RS S5, MRS TR fEYm I AE, B PR ES K (virtual dispatch)
o R KBS DA TE 1

A O A S HE S R -

O:(C,P)— R,

Hr ¢ ZECE 2 (benchmark name, problem size, run_counts, warmup_ rounds,
notes), P JEii EMSLIRPIRISEE S, R 24 BT,
ST —FEAR i, TFIARIRIE] (24, v:):

x; =run_ count;, y; = elapsed_ns,,



1 ARt 5

AU Z P IH— A5 2 HL R RS -
H A IERZ gt

median({¢;}) = {t
2yt ~ %
%7 n 7\711%?&,

o= J %Z(tl — )2

i=1

[7i A 49k AR FE Rl i 2 f /> — 3 (least-squares) A 45 R (&, 8, R?), MIE “#
TN FHg Ry BRI &7
Vi & Qx; + B

X A4 A B AR B 2 58 48T (best /mean /median /stddev ), R B 11 8 240 (slope /intercept / R? ).

1.3.2 SCIG— (FERES=FR) BVSusiims
ANV BARSZE SRS IR, SE56—n] DA SR -

AeR"™ veR" oeR",

Oj:ZAU'Ui, jzl,,n
=1
FUREAR R AE A6 A2 -
#FLOPs = ©(n?),
CIEEPSPUR V3G Rivh
Tat (1) = an® + b.
LA AL FR RN LEAS A L A4 I, AT E X

T -t

Hrf S(n) fEIRHEZARTE (speedup), E(n) FiiR AL —RABICA, H T 8 AR
EE
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1.3.3 SEIG— CRFNFZ)) RySuisimsz
SEIG RS A A B

it TAEE:
W(n) = 0O(n).

EATURGEH IR, FRATI VI T 5 G 5
Tom(n) ~ cn + d,

p(n) = Tsm;;(n)

i p(n) RESLITCEBA (ns/element). S SEERA LA R4F, p(n) &6
KA GE TP MR BAAESEAALA . AER S e S, W2 I o BAR
b, IX IR SEE6 S AR5 B I E AR

1.3.4 Z—4REBEXNSAEEH

P SEIGER X B EARE (O(n?) vs. ©(n)), {EAESS H _F AL = [F —2f
W

BenchmarkResult = (name, algorithm, n, samples, best, mean, median, o, &, B, R?, notes).

M e A A R AT LR JE AT A S T R IR R N B 2
REET G —GivE V] 58 s SEER AT EE L [a] A ) 5 4 15 AE il
1.4 NMAESEOE (Application & Interfaces) SCIRZHTS

7t DDD 43 )2, MHENTT “gatlE” (orchestration), #EMJZEHTT “ERAM T
NN Z 7 PE AR FEAR GRS FE AR — 20k BRnT et
GIEIE S ER A E Y SR U
1.4.1 RN AE: Pipeline ZwHEH

N JZ DA % 342 BenchmarkPipeline & X 4t —H4:

run() : @ — {BenchmarkResult}.

XA R LIRS 6] RITHE S A 18 AU
RS BHER” 1.
P=Wo0OoGoR,
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Hrr R A CSV i (read),G NHIE S A Al (generate ctor args),O A AlgorithmOrchestrator
ME, WA CSV EH (write).
X matrix 5 sum PERIMKLL, BCE S0 2 FM) (isomorphic) K< F:

Config,, ... = (common, benchmark_name),

common = (input, output,run_counts, warmup, append, atomic).
XA “seab It ” 429 $] BenchmarkPipelineConfig, & “SEIGAMME” YRS H) 40
AT 5 SRR A2

1.4.2 MABI{EESREMERE

WG EECA M, KA run-count FIZRM {r} ., THEECH w. #5H%H
BIFE—IX run_once ) HIFAN 7, WEHATIRETE N

K
Nexec =M (w + ZT]C> )

k=1
S I AL AL

M K
Tpipeline ~ Z Tj (w + Z Tk) + T‘io + Tdispatch~

j=1 k=1
DAL S 2 B S B ER T AN “ PR B X B R B, T A 44 ) A T8 1 T o)
PE (predictability): Tio 5 Thisparen MR TS BIEREMERE, 8 i Gl & 245 3
4k, MatrixBenchmarkPipeline 7E CUDA 4% szl 7 & FZ (fallback): 24
CUDA HRI&IZAT IR I MR 2 cache 5RHE, HAEFHE S MINE] notes. XLr¥F 7L
BRI HESNE (availability), 4 “ B4R MU EUERL T,

1.4.3 #¥0OF: CLI fRTHHE RS
B 2Ky AT BN FRARASHL (finite-state machine, FSM). TEm &£ AN
C = {help, bench,validate}.

2 INESk A CIRTS

IT : argv — CliParseResult,

Hi 2 E b 713 (normalized payload):

CliParseResult = (command_kind, bench_options, validate_options).

f£ bench 7)3Z, Hbrisk
B = {matrix, sum};
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£ validate 733, HARIH
V = {matrix, sum,all}.

FRNE (default values) HIf#HT 2SN, #IU1: run_counts ::{16 32,64},
warmup = 1. FANFH 4% 5 benchmark ZFK. XFERIRAE “BHiEa 4 rliafr”, [FR
AR flag B
144 7%, KRIESREGIEX

CommandDispatcher # AT 45 B B ATAT4:

A : CliParseResult — ExitCode.

RS A

£ =1{0,1,2,3} = {Success, UsageError, ValidationFailed, RuntimeError}.
IXSRAE T X B S IAS A ) 5E 1 X

ok <= exit_code = 0.

ValidationService MIHMAT “BRZAWEFHSRA” (strict static validation): —J7 [
f# options ({42, run-count strict 0D, H—HHIE CSV 4ty 5FB0E X (1
TH BB TN BUEIETE) . HAREBIAA

ValidationReport = (target, issues),

FFSCHE text/json XU IESY, ET N 5HLEHE .

1.4.5 ZMWEHST RILR
WOy B A, HET BT TR T i T R Bt P A
« Application: VifEgmFS 4 Rk
o Interfaces: #T& MR HHREWUR . WA BRI
« Domain: FVEPATHIES
« Infrastructure: iFif. CSV. &%k

CRLE 7 3 S BRI, AR 78 Pipeline 5% CLI target, BEA -7 K -1
KrE ZRal 2. Haly A IR LA

AC = C’new pipeline + C’new cli target»

1M AEES JZE S, R R G A LN A%
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2 EERRE
2.1 FEEFISF: Naive SRHEE

matrix_dot_naive M i EH%: X —7%1 j HHiAME v 5 (dot product),
Oj:ZAijUh ]:1,,7’L
i=1

Hrf A e R™, fit o € R
ORISR RSS2 “HIANZE ATHE”, SEEE SGEMT, H 5805w R (so-
morphic). Bf[A]E 4 (time complexity) A

T(m,n) = O(mn),

AR E (space complexity) FR¥H AN ©(1).
FELRAR b, 2RI St By — Sl

matrix.rows() = vector.size().

FHAWH RN std: :invalid_argument, 57 AEFREREEIR (silent error)s
TENIEEL (baseline), Naive FIUHMEIFAEIIETERE, TET: EIRAG/NE L
7 (minimal semantic noise) WZHE LI, T 5 520040 FBE AT RERT B .

2.2 ZBEPE%=FH: Cache TREE

matrix_dot_cache 55 Naive fE8%% &, (HEAF [ ViR &% (memory locality)
RUFIPATINT o B b, AMNEWPIAT @0 FHESITT 458 B 438 (tiling):

0j < 0; + Ajju;, j € [b,min(b+ B,n)).
ZEAA SR E A -
Vi, 0= Z Agjvi,
=1
(I H W SR A (cache hit) S5TIHUT N (prefetch behavior).

HIRIE N
T(m,n,B) = 06(mn),
Ze 5 FEARPIE R A0 (constant factor) « 4 B 52472 ULECHT, STl ek A0
T Naive; 4 B /el KIsF, 2 Ho -85 5 2247 6 0 mT se i e e -
SHEENERIE R
B >0,

S std: :invalid_argument.
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MBS T M, Cache MAMEIL T “Sefh$eif XA, HARLMEIERE (data
path) ” MR, ZARTH LB T8 R (semantics-preserving opti-

mization) o

2.3 5EPE%ISFR: CUDA B

matrix_dot_cuda #EENMHIH G § B R —4 GPU Z&FE (thread), ZLFENHTE
TR, )
Oj = Z Al-jvz-.
i=1

EMMEECE (grid configuration) &, SHFHLFEECH T, MHEH

n
RIS ESR T, > 0 AT % 44 maxThreadsPerBlock, 5 WAL ATCRAAC & -
MR ABRNE, B S T ] 5 N

Teuda = TroD + Txernel + To2n + Tsync,

Hr H2D/D2H FoR ENL- W& B LS (host-device transfer). Kt CUDA It 35 %
CETHLBL AL 5 R IHBL: /AR 06 B 5 5 TP RS 2

SEHLZE TSR T RAIL (Resource Acquisition Is Initialization) W& g%, JH7E
4> CUDA API i H s iR & . s T MEA SR CUDA BUs TR, N E2
fil & R (fallback) F cache ZEH&, MM ERIEHE & SLIEA F 1T,

XA T PRIl E AT SRS Cavailability first fallback) 7 i) TR
H,

2.4 3KFYIZ): Naive TRHE

sum_naive ¥ 55 RN (single accumulation chain):

S = Z Z;.
i—1

HEREN

ZIRIETEFE 2 14T (instruction-level parallelism, ILP) _E#55: &N my
—iE R, K MHiEE (Jong dependency chain). 1B & E f/MEH|E 425 (minimal
control complexity) Flig i Al R, BRIIE G F 9 IH 29 SE50 i JR 2k

FHENT RAERFR run_once ) G W FibrEHith, JF@id output_fingerprint() /
A 64-bit FEEL (fingerprint), A T1EmAEZE 1L %45 R—FE (result consistency) 1EH .



2 HikRex 11

2.5 SKFYIZ): Superscalar FRHEK
sum_superscalar [PAZ 0 EAR L REEMOBIIR R L 25 M7 88 8% (lanes):
L
SZZ (Zka+€> , L>0.
=1 \ &
XM EVEEA SR H - 25 R AT TR AT M AbBRES AT I R HERE 2 2K ik
B, /0 BAEEIEIR SN (latency bottleneck). EAFEAI N
T(n,L)=06(n),

B BN 15 L FfZEF) (microarchitecture) FL[E]FZMH
SEPAL S5 IR (dispateh):

lane_count € {1,2,4,8,16} = [ EHMRRLEEIE (fixed-template fast path) |

f‘@.lane count = 24T HIE A/ (runtime generic path) .

Hrp A2 E I g iE I R - (compile-time unrolling) /IS FF4H ;18 F 842 0
ﬁlﬁiﬁiﬁ: B 524 (completeness).
M L RE, FA7E8E ) (register pressure) 50T 0] B8 )B4 M RE . A
Superscalar FIREEAE “lane B 2RI, AT GHKRHMN L

L* = arg min T(n,L).

£ 2. BIERIE S (Algorithm Policies Overview)

FEmE HWERE  JHTIERME TR F2 B
matrix_dot_naive O(mn) i ILP, WFFIE i RERE, B SRR
2| ks
matrix_dot_cache ©(mn) k-7 ILP, 78t $&FF cache i, WK/ B it PRk
17 RO AR
matrix_dot_cuda O(mn) ERFEIT (GPU) KA MIE e f&45 /RS 53
B U
sum_naive O(n) FEEM, TLP IR SeBlEMER, ATAR OBEEK SECE T
R Z PR
sum_superscalar O(n) ZEEIFAT, ILP = WFERINEKHEE  lane i KRB AF

iR 7
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3 ZEWLESERD

3.1 FEMIILFASSIEER

AN ARSI S A (matrix_dot)SZIR4E IR, L FE 28 S (matrix_dot_naive)
5 cache it 5EH (matrix_dot_cache) {EANIEAIEAIRE R S ITHRHIE. A G —KH
mean_ns_per_run {E AT ZENERETRbR, FF45 G IH— Ltk 5 b 27 BT 24

matrix_dot normalized curve

—@— cache_128 —@— cache_32
~@— cache_16 —@— cache_64
9x10° —@— cache_ 256 —@— naive

8 x 10°

7 x 10°

best ns per element

6x 10°

5x 10°

10° 10°
Problem Size

Kl 1: Matrix Dot IH—4LFERF #H 2k (Normalized Runtime Curve)

matrix_dot speedup heatmap

16
1.8
32 °
" 1.6 2
© ©
9 ©
E o
S 64 1.4 >
3, o
] =
< el
v} 7}
S g
0
128 1.2
1.0
256

problem_size

K] 2: Matrix Dot fii# LE#4 7 E (Speedup Heatmap)
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Kl 1 &7, cache TRALAE /NI X (B e A PR, Mo AE RIS KR AR B 29K
K 2 BE—BRY], tile 24 HBBAAE R ZERME KR, HHRN tile IEFEHI I
At o

2 3: Matrix Dot 4557 &

problem_size n naive mean(ns) best cache mean(ns) best tile speedup
16384 128 85409.375 82809.896 128 1.03x

36864 192 189290.625 185805.208 64 1.02x

65536 256 345890.625 327537.500 256 1.06x

147456 384 763922.917 700497.396 256 1.09x
262144 512 1638146.354 1281760.417 256 1.28%
589824 768 3727486.979 2883064.583 256 1.29x
1048576 1024 8000271.354 5058044.271 256 1.58%
2359296 1536 23398195.313 11504512.500 256 2.03x

*® 3 MERMEEIT TEMICS . Bk L, &I tile H/NIBLRT 64/128 B
SHEIKHE T 256, XTRIE L) 1.02x 38T E ) 2.03x, #iH cache RFHEAL
FERTAR SR = N ARG R E S TR ME.

3.2 KFFLLILER

AN 2 R AN Z) (sum_reduce) fEE E G I SLER 45 R, UL 4 SCI (sum_naive)
5i@tr g, (sum_superscalar) fEANFEHIAMALS lane B E N HITHEREZE 7 .

sum_reduce normalized curve

4x107!

3x107t

2x 107t

best ns per element

~®— lane_16 —@— lane_8
9- lane_2 ~@- naive
~@— lane_4

103 104 10°
Problem Size

K] 3: Sum Reduce IH—4b#ERT #HZE (Normalized Runtime Curve)
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sum_reduce speedup heatmap

superscalar lanes

16

v o> & 0 AV

o
N ) A %) Q
S S o § S 2
S R R G

problem_size

K] 4: Sum Reduce fRIELL#HIIE (Speedup Heatmap)

w

=)

S
Speedup vs baseline

14

K 3 ERn, 1BE )5 superscalar BEAETE 4 AR X (8] B2 AL T naive 2k, B 4 T

®UY, i XA T AE T R lane BCE, A lane=16 £ 2 HOH ERILEHASE -

2 4: Sum Reduce 4557 &L

problem_ size naive mean(ns) best superscalar mean(ns) best lane speedup
1024 453.385 121.875 8 3.72x
2048 926.823 246.094 16 3.77x
4096 1855.208 461.198 16 4.02x
8192 3799.740 983.854 16 3.86x
16384 7404.948 1918.229 16 3.86x
32768 16029.948 3860.938 16 4.15x
65536 31409.115 10675.000 8 2.94x
131072 63255.208 15786.719 16 4.01x
262144 122703.646 38325.781 16 3.20x
524288 243235.677 65128.125 16 3.73x

W% 4 Al L, 255 R fUHC B 2 AU ESEIL) 3 B 4x (Ui, UEEZN
4.15% . ZERGEREH 2, U UEE VR SEOLEREE IR UILEC A8 AT lane, TIHEHE

R PIFATVEAT A O n] B ) 2 A AR T
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4 BrrEFELISHES R

4.1 BEIMK: Superscalar ZG 42T Naive

AN RE—AN R AR AR RIS T, 20 B R AR 24T 1% (Instruction-
Level Parallelism, ILP) [ sum_superscalar I RZ1EIE T sum_naive. IX1jiBH in) @
AR “H—ZHORRT, MR, IO S SRR E I R E S A S W E

sum_reduce anomalies: superscalar slower than naive

16
1.0 frmmmmem e e e e e e e e e e e e e e e e e eeeeee—ee -
14
0.8
12
Y 3
g 06 ® 10 &
[ . —
> ©
Q : [ ) 9 8 . ©
=] 19}
O ® 6 0 [ J [ ] @
e v . = —_
& 04 o ° ® e ® ™ ® 3
(]
) 6
0.2
4
-- baseline parity
0.0 T T T 2
103 104 10°
Problem Size
(SRR
K 5: Sum Reduce 7 [F# I % (Anomalous Slowdown)
sum_reduce normalized curve
—@— lane_16 —@— lane_8
~0- lane_2 —®— naive
~@- lane_4
4x10°
e
()
€
<
()
5 3x10°
[eR
n
c
g
Qo
2 x10°

103 104 10°
Problem Size

K 6: Sum Reduce JH—ALFERT 2R (Before Fix)
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K 5 5K 6 HFEZFRP: fE2 R @B, superscalar B42 IH— L FERT B AA = T
naive, HANE lane FCE AR AR

2 5: Sum Reduce 455 &

problem_size naive mean(ns) best superscalar mean(ns) best lane speedup

1024 1780.729 3404.167 4 0.52x
2048 3280.729 6793.750 4 0.48x
4096 7766.146 12486.979 4 0.62x
8192 14981.250 27732.292 16 0.54x
16384 28514.063 51951.563 4 0.55x
32768 56228.646 105374.479 4 0.53x
65536 113103.125 217284.375 4 0.52x
131072 215379.167 449490.104 4 0.48x
262144 446067.188 911948.438 4 0.49x
524288 912978.125 1820191.667 4 0.50x

£ 5 H—DEMATHFE: £ 1024 ~ 524288 =X A A, HfE superscalar BB H]
speedup AT 1.0x, 218 048x ~ 0.62x. K, “HirEFRIERI EiZh B
AEE . AW E TR, WEAEREAL B,

4.2 B HEVNAMHIR

T RIHANEIRE superscalar BESA G E R, TR SAHEEMA SRS (Com-
bination Effect) ## 1 1R Z U

F—, shA2 A (Dynamic Allocation) #EA#EEE (Hot Path). [HSZHLERRRIH
21 # RIS lane 2548, AT S5 RIB AL SV FES; FHELZ T, naive %
AR B RN, [ A I

%, lane HEALIBITIIE (Runtime Lane Count) , R il g 545 1 % AL #f
(Constant Propagation). ¥ EFF (Loop Unrolling) 5 f7#s 77 HC (Register Alloca-
tion). &AL “ 2R E N7 R EWN N AR IFATEE, M AT BEAR A A 15 5 E]
R

H=, WESRERESTBORATH I . £9F Release LA SE R BURFEA 1,
[ E 85 G S R, SECEMEE R SR “SLRURAED 7 mEaE “H5iEIE
AT R

TERIN R B HFRIEE A E LG X RFME R RAE “ A5
+ BT lane + SO0 /BRIE” BINNE, Ao HILER 5 IXAPRFEART 1.0x 15K
B3k
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4.3 BERESMREYT

1B RIS IEAE “ RS OL S R AR AT 7 B ARSI Sy BREEg 4% o i ]
TA, BBt I R e B .

1. £5rHcfk (No Allocation on Hot Path): ¥ W, lane 35 ON [E 2 K/AMNGZE M 5
e 2, @O A i R HE L. 2. gmiEBARE L (Compile-Time Specialization): X ¥
W, lane (1 1/2/4/8/16) #4421 #8 4%, ik PR 28 Refe o (BURTT 5 AR as At . 3. JEHERR
{4t (Benchmark Robustness): 4t—7E Release 4% PP, 425 warmup/run-count
DL B} Bl o6k 45 18 5 G

BEEERCOAS 3 3| “SLRGR” gt (I 3. 4 538 4): superscalar £ 2 FIR
X AR B 3 80T naive, Ui B L BT AN 32 2ok B Se Il 5920 ic B, 1T IE superscalar
HZ AR,

5 MERGH Agents

5.1 Codex: M Chatbot Z| Agent FJ3Z HFHLK

KRAEFHEM (LLMD 5 AR 3 28 X ENLEE A (Chatbot), HAZ LA
HAraiT BB e aila N — S a4, BlE R Pyly<, ©)o
SR, X FhARE B H 1B A2 G AR [ A A FT R PR s B A58 TR A 8 o DA 2 (] £
g Hh, Bz 5AMEYIE B T SR AR AE L RE

HIFfl A2 Hyus(ERIE (Paradigm Shift) B8, FHARME AR A BRI R I
IR —3 T, T2 LR HE Codex NS 2141 Claude Code FFfiSL 148128 B
iz (Novel Interaction Modality). /&G IXT1ENLEF A (Chatbot) K HARE T SCAIE AN
AT HAEAT & s AR HE A, RS Jog8 5 2o, UM R4S REPL (Read-
Eval-Print Loop, BZE-RAE-HHIER) 5L, ¥ “$4T £ 3T (Execution Context)”
YERANLIEIFIFE A (Shared Medium) » XFrEH KBS HEUMAE, MILT
CRT R I SCAR R B (Prompt-based Text Responder) 7, WiAR NEEW 5T K&
R E 2 E AT RS 5SS T 7l (State Co-construction and Continuous
Intervention)” HIPMEF . XMIKEZ LB T, 1£RGGENEAE B2 RAAIL
FULR =A% O 4 B 1 vt

F—, MNFIRERE|FFTFH (From Open-loop Generation to Closed-loop
Control) . f£4t1f] Chatbot & —FiFF¥ 24t (Open-loop System) , FHAZ H & 5 HH]
“VEK-M S (Request-Response)” [FI&ill; MY REMAR (Agent) I T HLH], AL
HEEBNER o AT SR /R A R id #E (Partially Observable Markov Decision Process,
POMDP) . fEMAEZEN, Agent fERFAI ¢ A p—MUHES A Beak APT  H1E A Eh1E
a; ~ m(|o<t, acy), AT CANZuT . MRRERR BRI SCH T PATIZANE IR DR W
W o4y FEJIET rig o XFPHAHLHIETS Agent BEBEFEAT HIRMEIE (Self-Correction)
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MG

B, THIRSHITIRARILE (Delegation of Control Flow). Chatbot iz
17128 YRty (Hard-coded) FIAMIFET 325, BIRUAE A% b #1818 Hh i) — A4
75 55 (Passive Node)o TMAEZET Codex WU Agent #, RSk 1186
(Inversion of Control, IoC) B, HALE A s HlmER) (W03 TEHRERD,
HEoE TR (Tool Use) WINFS5EIAL, SE BB T KRGS HE .

H=, RILZEENVHRSE S (Embodiment in Digital Space). it k4
FMAARY, Agent Bk 7 B ARE S WBDITEIL A . ARSVE N —Fh BAA A8 R a3
7~ (Intermediate Representation, IR), {13 Agent REWFEHIIRAEL R E . R HSNE
IR RS . XMER TSR “ R  (Embodiment) ”, K458 B[R EE
“f5 EKZER (Information Retrieval)” ZEEE “IRETF -l (State Intervention)”.

WK 6 Fi7, Chatbot 5 Agent £E HFRIKZE) BN TN RGZEM FAAAEARTTZE R
Agent BIHIIL, FrEE N TR BMNFFSFING “Egat” IE2UERESIERESR “HE
PATHE .

5.2 ETXTiE: ETHEVASIZE/MRESIHR

FERVT R REAR (Agent) WPIRESEH AT, DATELEF REFHEEY (LLM) 1K
EYEPER . AR TIRESTE (Statelessness)o 4 HT ELHT Transformer 2RI AR &
— AT LR A RARE R B FIHAE S (Autoregressive Generator) . Foib5 Hbr &3t
TP F A B G R AT, EoRAk BARF A HIBAA

T
P(ryr) = HP($t|$<t§9>
t=1

B, zir AT, o ANTEE ¢ LT, oo ARERE R ¢ — 1 B2 5 2 Hk
BRSO, 6 AR AEHE R B A RS S A X e TR AE 2 AL
R Gy I A EE T SR SR AR ES . R, “ B R X L2 (Context Engineering)” 15K
Ji, AEfE— DN ICIRAS MR ZE AL Bl 5 2N, @IS 4E 4 — AN 32 FR 1 —4E iR Ju 22 v X (Token
Buffer), R —AH & TAEICIZ (Working Memory) HIHf E RSN (Deterministic
State Machine) .

MBEEEPAKRE, EHXIMRE TR EARR “WHE7, FELEUF=1IER
YR BT RS TR

F—, REWFF1L 5FKIE (State Serialization and Representation). HT z,
WA B B — 4R T T A, AR R R 2 4E . mEIRES (U RGEIRR A
O P B G4 ) e 254 s i B 4 3 7 P4 R SCAR R 7R (Textual Representation). 75
(1) F R SC TR R B S B R S S M AR (an XML B¢ Markdown Axic), P
/b [)3] 7G (Tokens ) A& € NS PR EE ) 24 mT U1, AT BB ALy = I AL CAttention
Mechanism) ITHE R 4E .
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# 6: Chatbot 5 Agent )2 4ERE QM) 558 BARFPEXTLL

DIYERE

mension)

(Di-

fEGERTENE A (Chatbot)

BEX&&EHK
Agent)

(Autonomous

BILIRE)
(Core Driver)

B SR
(Environment &

Boundary)

RE5ICIZERE
(State €  Mem-
ory)

EIRALIE SR
(Fault Tolerance)

M 2O (Reactive): #7155
e PRI, PLAE RN T
1 HRIE S AR ARE H R

FIROBEHE  (Static
Boundary): fi A%t RFR T
TR R HE, TG B A ek
ARG (SRS M
%) HPRE.

FBHA B B¥F (Short-term &
Flat): fUK#iEzhE 0 (Slid-
ing Window) {r B L %5 |
B, R G 55 ) 4
LALERTRY

B (Single-step Fail-
18 ) A2 B 1R BLAD
(Hallucination) B}, JH% H#
P R EEHR, TALNAA
21,

ure):

B#rIEEN (Proactive): UL
frHbr (Goal) NRH, HIFHAT
115557 fi# (Task Decomposition) 5
SR

B M5 R (Dynamic Em-
bodiment): KA AN KA N,
Wi APLL ACRS AT 4% 55 3h 1 25 1A
(Action Space) HEEHUAIE K4
EAELRAS .

7 EB#H A (Hierarchical & Per-
sistent): 4E+7 & 4% 0 N LAED
12, (Working Memory) , FHEEF|
FH 1) 52 250408 P AT S IR AS 18 1%
(State Tracking) H5HITRIEZ .
#IXB4E (Closed-loop Reflec-
tion): A8 S 45t 1 B R AE R
(i1 Runtime Error #£4%), #id Re-
Act (Reasoning and Acting) 753\ H
F I E R
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B, KV ZFMAEMNHTEER (Computational Reuse via KV Cache). 1t
TAESEEF, AREAERN R —PHATEZEITE oo, BFTERBORE . @I s 52
17 (Key-Value Cache), ALKy sial o s BRI AR A7 . U, bR SCTAfE
IS BRI R A& Flw, Eid RF45E~1 (System Prompt) B E HAIR
FEAAR, I KM Prefix Caching Har 2, sE R HEFE R T (Attention Sink) I
R, ERBNHIBRIA BTSN PR B W6 1 JLAS Token, VAYERFRE A IRJZ T = I HOE R
FE

F=, REESEHSEERIZE (Lifecycle and Context Eviction). T Trans-
former I H{F R IR E R AN TR ZIRTT O(N?) K, IRERZ&ME R
IR SENAERLH COOM, Out of Memory) 8% “H[a] k2K (Lost in the Middle)” A
FRES . Bk, R SCAERRRA I RIERIENN (Append-only Log), Mz NE
AFEE D (Memory Hierarchy)o IXRIUWXFEFEICIZ (4T Context Window) H
HITC AP BT B E (Dynamic Summarization), 38 @ MEIRZS AL 2 K d
12, Cane =435 22 Vector DB) H, 787 B @I A R 5% (RAG, Retrieval-Augmented
Generation) Y HEFIEANR] oo, BIDAH.

ET FRRZNAEBRNOYHEAR, JAEANRFAE G ENLAE N A A,
LLM #N R G i#% 0 it 5 (Computational Graph) B, 4778 BeiAH AR M A% O
ZH44 (Prompt Engineering, Function Calling, Skills, MCP) Ft A 221 a8 & X 15
(Heuristic Tricks), Miz2HTRaE “BEVMEALER” 5 “HEtt ReimEs]” Z EHETA
VLC (Impedance Mismatch) [ RGHIETE (System Primitives).

XL R R BRSO X RS AR s S ], LRI T Agent HEHIIA S
BRmE, BNMAIGERE. 1/0 k. B8 F4EN BRI B F e & 148,
FERL T AMESIRAS AR A S N 2 a] TR S (FEILER 7D

FHE AT O, IR Agent ZER B, AT FJg B R SCA A RIAW RS S hriE. A
HIBE I ERR, AHRARE T KIS E 0, 1SR TIXEINE RO R2S 1R
FERCR . IRESRAER FE DL LS B SCHE M ZJac 2 & BLER g .

5.3 AWLME: #1TEs-10iERsS (Executor-Validator) &I

FER AR (Agent) IR TRESCEh, (G2 AR AN — M1 “ 3
IRAERRER % (Single-shot Accuracy)” fit BEIESK, RAEEHBR KBS EA (LLMD) 1)
Z)% (Hallucination). #R1M, MINAIENSS R TRERMAERE, NKESRERFE
WWICEMSINFRZE . B, AN ERA B I IEITIE S 30 “ 257, i
BRI S AT H S 4EEE 2% (Auditable Chain of Trust).

XM AR EE TR A AT O CNAERE ) “ IR ZHE AR A (Technical
Execution)” EXFA “NET TAERIIEH (Cognitive Workflow Management)”s HAZ >
BT RN ZRARR ST S E (Separation of Architectural Decisions
and Implementation Details). fEIJFENTR, $ATH-LIER (Executor-Validator) 45
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R T Agent RGUFIEXS H [\ LN SR 5 T LA

RGIRiE THERHR ETxFmiZiE RGZTEEX
(System Primi- (Compute Flow Ab- (Context Interven-  (Engineering Signifi-
tive) straction) tion) cance)

Prompt Engi- VANEREEN (In- £ z., WM, NIERSERHH W)

neering

(TR WE)

Function

Calling
(PAT H i)

Skills / Tools
(B %)

MCP
(P BUER)

ductive Bias Injec-
tion): & AT IZ)
USURIRSE o8y
Aiie

E R EIAMA
(RPC) 5  H:
TR A TR 2 i A
FSGI A A T A 58
THEHIAUR .
FHIFEMER (Sub-
routine  Abstrac-
tion): K= £ D
A [ A R R 2 (1
W

FRENR 1/0 #QO
(Standardized I/0
Interface): %4i— ¢
) B 4 Y5 5 T 2 [
RSB EpINER

18 I /T A 4 Y (Pre-
fix Hardcoding) #iE
BTk B A il 0

‘

2 I RE E B T
(Ul <tool call>) K,
T RGP, S
SRR SCRAS B A E
N R A e

B2 A 1k 2538 AR
N =11 i N e 7l |
W AN AE 7R
HEOH5AR (Schema)
ML N R S

W H U U AR R R
5 Prompt B4 %Id
FEAARS, SLHLAME LT
A RIR
(Dynamic Mounting).

HEHAT I (Execution
Domain) , T
B AT I ) PR AR
5 50GEN

LT MERAE LR G
5 1 € Ve BB T
W82 18] i 1 5 A A
(Read-Write Synchro-

nization) .

o FE AR R AE 4
£ (Dimensionality
Reduction) , #& Ky
2] E i JeIHFE,
PR THE 55 F K i vl 5
PE.

W T OKE M E
1 K A (Glue
Code) , BilLJKZ$
5 N 38 BB 0T v
R SOE R G
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XN T HEE R RAE N EA .

FEAZARET, A TR RS 9 P AN IR FR I 1 55757 A

F—, EASEMEERERNNITEE (The Agentic Executor) . Kif &AL
AGHIrE)KJE578) 71 (Cognitive Laborer) WJffith. HAZOMMALL T -FFILBREA
HIAE pcRE ) S & B SR LR (Pattern Matching)o #8047 %% 7 07 AL B U 42 B 5K
AT AR gmHE. BAREDE. SCARTRD, I b s 1R H ST E il
(Retry)o BEHT, BRI “Z)0” AN REBUEIE, TR —MIRZE MBS A1) “FabL
WiE (Random Walk)” 5.

o, MERZHEIEERILIUERE (The Multi-dimensional Validator). GiE#H1
il & PR PR RGNS O, LSRR “ PR AL S n] /R B4R Ao “ 3 PRI )
Sl A% (Discriminative Problem)”s SN T 78 56 AN R 4EFE (2558 75 5K, IR 4 A B a7 A
HFUTN=AEFHESER:

o EWMHFHEMIIE (Deterministic / Metric Validators): 5% a2 LI IE
I, B, EARISART, FIH CI/CD Wik, dmikastiimfit. ool
R A UERS T A (Formal Verification) {ENZEXTHI#E . RIS UE 2 HE AL
0/1 WIRELITR, 4 Bl R G0 AT E 14 PR R JEE

o XHUMERIE BEMRLGIE (Adversarial Agentic Validators): 1% &= 4 48 b5 10
HRAIESAESS . GIAFET Actor-Critic ZER1) “PEE R B4R (Critic Agent)”, B
Z B EeRIEZE (Multi-Agent Debate) o 8 AH B AR (Ui A [ A YA BY 2
Gdenia) M Agent AT XEIE S PR, R E 2 R

o WL “EIK” AU AZEIEIE (Human-in-the-Loop / Aesthetic Validators):
FERGREMRZE, NEMERIEE 7 “HITH (Execution)”, 28T “ 5 RkAL
(Veto Power)” 5 “#MEXTFF (Value Alignment)”. IE, ARLRKEHEMN “FT
TR FFN “RLHRINT (Chief Architect)”, HAZOITERAFH 245 BAZH,
M TRAEATIR A B 2285k (Architectural Taste) 5T,

45 EFTR, 18 Executor-Validator B, AT AT R 40 B A B — 1 A
HOLe A, T2 — PR EIE B SR R (Emergent Property). T 5 (Validator)
H A AR AE R 725 . st Rl (Feedback Loop) AEfEiEYg, BPE H 78Sk IE T Agent
PATHALRI RLE, AR A 50 R/ A B R ) 1 8 B e L R
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