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HEIF—EIER AR 7« BT E BRSNS N . A4,
1E40 5 MR AL (I R PR 2 Rt 5 3R, AHEAA TAEERR AL, R EE 450w X
%5 77 AL LR R 285 (morphism) JRFE 40 5 757 I AL . PPAt M RER I R
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BN Ubuntu. &5REW, KAV DT OGS FREF s BB A R R R,
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GRIN %i 4% 5 GHC fEiafT ¥y LrtERe 2, BHmrE EimEamArnLe.
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XFARFR 7 1Ak, K22 B A7 SR A B 45 4 e itk ib g 5 07 =0, 398 B Ak
(23 8] o BRI LA, 1% iR $i iz B4R M 7E TH] [ A 28 IR 28 5 K R A7 2 e T i J8 B e A
ST SEIG T T M RFIRAE o ZEA R F SO SN TR B B R B A e e .
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BENCHMARK PROGRAM DESIGN

OF BLACKBIRD CPU

ABSTRACT

Blackbird CPU is a processor designed based on the concept of functional programming. It
has a combinator set architecture called fun, an RTL model of a functional processor, and a compiler
that supports the functional programming language Wu. Wu is a low-abstraction level, strict,
functional system programming language designed for this architecture.

This subject conducts a comprehensive evaluation of the Blackbird CPU, that is, to define and
design a set of suitable benchmark programs for the architecture of the Blackbird processor and fun
combinator set architecture. The final design benchmark programs include basic kernel programs,
toy programs and real applications. In addition, a variety of optimization methods are used in the
process of writing benchmark programs, including the optimization of the selection of the
combinator set, the optimization of the writing method using the definition of the data structure,
and the optimization of the writing method using the morphism principle. Metrics used to evaluate
computing performance include the reductions counts, the total cycles, and the allocated cells in the
program. The benchmark programs design and testing environment of the hardware structure is
Ubuntu. The results show that several optimization methods are used to reduce the computational
load of different programs to different degrees. Among them, the most obvious optimization effect
is the program written by combining the optimized subsets and using the morphism principle.
Finally, the subject compares the performance differences between GRIN compiler and GHC in
running functional programs, and draws the conclusion that the former has more advantages.

Because the design of different types of programs using different morphisms requires a certain
mathematical foundation, only the optimization of test programs using catamorphism is completed.
Most test programs still use the method of writing data structure definitions and still have room for
optimization. In addition to this, the operational performance advantages of this functional
computing architecture for large parallel programs such as neural networks have yet to be verified
in experiments. The module for file import and floating point processing in the architecture also
needs to be improved.

Key words: Functional programming, combinator set architecture, graph reduction compiler,

combinator fusion, morphism principle
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1.1 ARENAREENSENX

BUARTH RN LIRS T S B 50 o SR TR A A R D ey A P B T I
RS . 2T BEAARZONAGEX, e REPiHEEs. meaads. o
fEasSCE) « RAFIX BAFSE . A6 SO TR I AR, KZ N5 Nl id 58
BURLHMIATIR R T ER TARRCE, SLRP AT BRI ST BRI 5 N — Pk
THUKERIPATRE . N T SRR, S 1 a8 5 29 e pn] LA BOn] 1L P A T A sk
Bl LAY . XA R e L ABRTHAEREE H 2 B AR . i & sUgiis 5
FORFEFFZ BT SAT,  BUOAPAT IR 2 R i 21048 B DL A7 fi 23 18] (AR B, AT,
FEPATELF TR, ACEE A5 75 EEEREAR VR SRR (0 PAAT I 2E M0 PR R A 5 RPIR 5 5 5 3
AR PRSI A o EHEMSAT S R AR+ B2, JUH S AR L A1 1
73 SIS TSR Z0TAR 0] 3] J5R Sk FRPIR 25 I 4 FEAZ AL P B A 4 R B R ZE I o T SR A o
MIAF X AEX IR IR (B (R A A, BRI ER T RN R 2 s fa i, R AR5
Wil e, BT RN S AT RIAG N (D T8¢, KEAHE o
FFAFAEHEN AT h BT R B R A (2) BMECTE S IR S5t R F ZEHIES
Z—, ZHRMECHEF AHIERBU KRB, (3) AR 5 (8 F U7 W FE BCRES
F4, EMR T ENAT S RE AT BT

FEORUEARGRE A7 fifk I AT BB 20t R (LSS AT AT G AR E (KT RT 52 R, — R RS K 2
TR B R E A BT (1 b 34 Blackbird CPU #42 H o e 3 Bhidd R PR (1 77 0ok ik 4
IR FEAL PR 22, fdnits . MEIESGEESE . B8 B 408 fun 4L
BT RIS R B AEE 5 Wu g iEastl. 115 S Wu 7B HZ A P h i
H AR — T 1 R B AT 5 5 BT DA A A L AR AT Wiu BEAT 4 R 1A S 0 R P Bk
e LN R

1.2 KA RmIZA A RIVIK

BREA AR N — P, 2E P2 R B AIEDT. A R A 4 U
FEMH, PREGUSE B IO 2 T s B0 AT, 32 R B0 B AT SRR X4\ S22 8 ik
B

bR R FE AR R 40 A 2 AR 1) AR, RIFI A SR EMF S5 HREE R EA RS+
=PI 3e FECEEA b, BT R e i NSRS -5 R B A SL B nT AN 2
SR A HE T2 BAAE T E2HEEZEMA ML, IR i
L 75 FORTRAN. LISP. Haskell S58B4 s F U AR 10 5 AR, LU an L2 9w
BEAS SKIHL. G LA SEH 2 T 1) K J

T R E g ARE 5 5SRECERHE IS, E9 5 ML ERCE R, FIbIEA
WiV 2 NERfR AN >) o (BRI B IR R, VR AR T AL SR K 2 R TR i ik 2 4
PRI FEAM b SOk i i 2 TUAEA, FELZEM N iy 2 AR E 5 4 PR I BAT R T R
HAREEES -

SR SRR, R AR AE KR T A A e T iz ab . — 77T, s mEE TG

19 F£3BH|
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RA . TCEIWER S A% 00 R0FH BRI S22 0006 18 FH R N e 22 M T i R R 3R 4t T
B fkHE (MM R, ELPHAT B 2 AL AN REAR A7 b S — S ERAR 22 4 P i,
MUEE T 5 5 —J71H, R R AT e LR 3, (AR KRBT R
W T8 143 8103E, —einy B S (B Sun 1 Fortress. Microsoft (1) F#) gk AH
BRI R HOREL, BRILLAAL, BRERE AR Ly & 2R 7 B I a1 v Ll eR B 1 22 M 1Y
TR AR bR E A FEIE 5 i — D R R .

13 AMHEETE

AT R BRI 5 Wu e — Mo K BB B AR 5 BRI M AR DA g 5 ) 2 v
WA FELIL, N T 256 MF Blackbird CPU [FI247T 1 RE, ANUBRAH 3 22 N & BRI A% 5 AH
7 (18] 1A I A A S B4 008 23 o

AR E TS

® X RE AT T REE A IR A E UL RN L) G 3 5 1) AR S AR
ARG
AR TIATT I HE A IFEIR . BNEIR N4,

R BN AR A FEE S Wu HFEENAH S TR fun;
AN P 5, AEEAZ R, TTRRE. BN
EE XTI AR A A SR 25 HAH L4347 s

XU R SRR VA 9 Jek 45 R VR R T RE I R eV 77 o

#
N
b=
b
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FE RYARENELRNTA

2.1 BB RIEREAIELR

2.1.1 BREGUR AR S R

BRI AR TS 4 T E AR, WX TSR BoR . R EREF T, Bl
PESVERIANSES L St 25 R R B 2K, e (0 e BomT DA fi] S A2 S pR K, R Rl DU iR
B A NI Z A m PR i s R B e S AT TR R R R B L E
o A Tl B R IE AR PR AU B A B E S BEAR R AR EC B U R AR FE — VTR B iR R 1Y
FEARRE, B R B R T S I SR

bR A g A 55 10 B 2 AR 9 A L S B 0, BIVRE P v (8 P A2 B A A4 PR K
{8, A R B AR A rp A e BRI AR o X — R4 7 70 bt B R B8R e v e )
AR TS AR, msca e mEER, BT — R ks e e i\ B i st C 2
SE T AR BRECH R ST RLE I (R o0 B T AR AS 208 BR B A SN R B0 3 BRAT AR 52
XA — 5 T I G 1 A P R AN R R R 53— T TN [R] B 0 T AT 2 1]
BOA LR A AT BAJE R AT M0 AN T 25 AR e 2 18] B BRAT IS

bR A g R 55 10 S O BB R A5 A R AU 454 RPN SR 5 R B el B £
AESE T g S — 4 FH A IR 2 5 07 SR B A (1) BRI S &
BN SE 25 5 SR B s (20—t PR LR 2 28— 2 R SR eR o, KRS T ARG B =%,
D T AR GFE A (3) FEFrh BT I A S B (B A RS, PR m] A2 JT Ik, ek
DRI 8] o B B Qg AR TS 5 AR SE IR Voot 17 T 32 8 P T B i e B 1S 1
5.

T i BRI R R ) 2 IR [ S R B AL, BRATTAT LA B LIE T
R, It — DRI i R RN 2150 22 1 R SRR B0, AR s B S - 7R KI5
PERANE S, L ZIG R BRI SC, BV RTRON R 5 g R R A O R K. 2%
B 2-1 P . fESRB— SIS Te RS HN, B Jeifid FFEULEC (pattern match)
AEAR 5 2 5 5E S AR L IEA b ili 5 Y BR 2 foldr, 12 R BiCmT 4 1) 2 WS 21 A AME A
PREL foldr W E CTCEORAT. JEERRIR . SRITE 2 A HALSE R — KR R 2L

ZHR: HEF list: [1,2,3], AT IR LI T L0
[1,23] = (1:2:3:[D = C1(G2G3[]))) = (Cons 1 (Cons 2 (Cons 3[1])))
23

sum[] =0
sum (Cons nrest) = + n (sumrest)

W sum A2 e Ak Fy 58 F A9 A A K
sum = foldr (+)0
Hob, foldr i LA :

foldrfx[] =x
foldr f x (Cons al) = fa(foldrf xrest)

I&4iE
Foldr (+) 0[123] = + 1 (foldr (+) 0[23]) = + 1 (+2 (+30)) = 6
R

product = foldr (¥) 1
anytrue = foldr (V) False

03 7 F£3BI|
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& 2-1 =prEREEEH

T R ERRE P 1 T77 20e AAEF B R B S (R S B R IR BN, v R B AE
BEORFR AR [ I B A T 2 H (BB AR 5 I A SR A o X — > T AN
LI BRSO F B s SR (R IS TR R o AR R A AT 5 dn 2 A Tu U RN 75 225 B RIE
F, FE90 5 127 I 75 TR 2% 18 R O AT T, DR HE A SEER A PR T E 5 . Bk S an £
PATREFor (true) (A)” (A —BREORAD I, MBI PR PERPRARYE true ELHEIR ]
true, JFEEEF B BIFEFF WA, M T 4 2UR e ) 75 2256 1 FH s 4 B JF45 R (]
B, HAHIRE true.

2.1.2 HEFHiR

HEFREEHRLENRE. EL MK SKIHLEEE F, Turner 441 T BIEAMA AT
JE X DUENERIA RS Ron BB, HE e OVERNTER, SN HEF 1)
PIRASCE FRE A LS, XA MNH G T RIFERL 5 R A .

REIAMH A ARACR A S MK AR5 (HL A8 I BN R A5 I R ZE AU S FT KD,
EATH AL :

Kxy=x (2-1)
Sfgx=fx(gx) (2-2)

FE S A1 K HFER_EE LT (ESERED, 1.
I=SKK (2-3)
Ix=SKKx=Kx(Kx)=x (2-4)

FEART M-SR AT AR R A & 7 B

Aa.a-1 (2-5)
Aa.b—- Kb (a+#b) (2-6)
Aa.pqg—-SQAap)La.q) (p qisany funtion application) -7

2 75 HER A H1 RS A B R B A g H SRR RO B0 2R, o) T2 & 7R U 75 A N
SRR E A FZE R R R =P R,
plus mn = (the sum of mand n) (2-8)
cons a b = (alist node withrefs.to a and b) (2-9)
FHEE A-BEEBR 5, HE TEREARE JOZEFIMIN S, AT E A S R A
FALTIRIZE ) ZR VG 5 R b L2 A7 AR HE A 7 P9 2850 T 2 i 4 FH 2 AN AT L R VA (R 4D,
117 A58 SEASE Y DT DS 2o e A ik () S BRSR I 5 o RN, BRI A& 5 B 1 it B
PEBT, BRI FRIESR 2 N 2 R s S e it /N T AT AR
FE SKI LA E UG B BT EL & BOBR B 73 SR IE Az SRR 23 N i TRl g 2
BTSN E T IEE 2-1 Frios:
R2-1 SKIWAHHERAST
Combinator Reduction rule
Sfgx=fx(gx)
Kxy=x

Ix=x
Bfgx="f(gx)
Cfxy=fyx
S’kfgx=k(fx)(gx)
B’kfgx=kf(gx)
Ckfxy=k({fx)y
Yf=1f(Y )

< QW AW~ R n

o4 70 F£ 3B
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Bt summcnai ao Tone universiny ETF Blackbird CPU B IZ &3
43k 2-1
Combinator Reduction rule
P Pab=a.b (alist)
w’ U’ fga="fal(ifaisnota list)
U’ fg(p.q) =gp q(where p.q is a list)
A A bl b2 =Dbl and b2 (boolean)
O O bl b2 =Db1 or b2 (boolean)
U U f'x car cdr = f (car x) (cdr x)

2.1.3 BEIRZ g0 1 45

KL 2915 4% GRIN (Graph Reduction Intermediate Notation) Compiler &N [ P&
AP I IRAAESE, v DR R T 84T 8 A = R P 00,

TEGR PR R AR TS, G fe P JEAE P 9w B — AR (rooted graph) fAAETEL ]
WERAEAEX A (] DL MRS o %A MR B I RONZEN E SR S5, & g Fa4Er,
BRI T R AT U — M cell FRAEE B — A A F B S AR A G, thaT L)
WEAMA cells FHlfAiEHE T LS EIRE

ML RARRIEHE S T RN G R E AT AT RS, B Rk AT B,
VLR PEIRE . AT G ERAE TR T2 AR P AR AN W 8 FH R R0 AT R 24 )i R R e
AT R

TEIBAT R BT 7 1, AT A7 B B2 2 —MRA RS IR Eaal, R
X — T FETETR F MR DA ] RN G B B B L) R R R 2 & 172 B R A B
Wﬁﬂ%ﬂﬂﬁ%&?*iﬂ%,Aﬁﬁhﬂmﬁﬁm XAFARFE Y LR RAR E 2R R
G TT S0, To TR VERIA 12 AR R TT S ST 43 = AR B, JCIHCAE A8 FH 30 (Bl 342 i)
INf, P 1 AT 58 4 B SE I T AN BOAR 7 R s . S8k, g i AR wT ARSI R4 R
P FRIE P IR ZHL, 1024 g 1A DU 3 75 220 A ()28 1 AR R BN, A2 U P AE B2
PRI HOHRAT Hak [BE .

HHIFE R “main= ((+ 12) ==3) 1 27 R Ut B ) AR, Wil 2-2 PR A2 7
SEELN AN PR 5 2 AME, KBRS 33 TR, WA SENERE 1, AR E 2.
H e B AR A TR AR P AR 2-2() T, SR IR 2 MITFaa TR A& 1, i3
AR H G FRAKTE S T LB T ILT, AN LS R 58 R uE A LFinr, T A AR
FEBRFCE RN SL S, ARG FATHE RIS o 2 FE 58 i, %A W B A A A

IR EME 1,
§ I

K

(@) (b) (c)
& 2-2 ERAREIE

2 RYAmIZRMHIER

35 7 F£ 3B
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FIFHZH &2 4 ) B 2500 BR B A 2 A RO AR 2 — o PO E B R AR A AE T
FEW, — R dn i N G SRR R L5 TR e ES) (et iB4)), 5— 7 HILE
BREE SCRIE AT I FE P A T EE B I PATINT, I B T TUAR (45 h A

SR, BEARRHEGEREIT A HAFNEAEO, IMHHFEEEIN: (D HE
ARTE T B IS FE PRI N, BB O L BT R FIAE B N 2% SEBLIIE I
() BFEMFNHEGERE, RAHEGT5LSNHETE i s H G2 R IE AR
Ko EH B LIRF IS AT R TT T, X H S 75 L4 BT n) .

A EZ BN R EERES, A8 FA R ASHERAE —EfEE Ll T a4 5881
Fh, AHEF] L A2 S B AR AT R KRR

221 HETFEHHR

HE TR EEIE P — V) R U f 2 BR 2 B R B AR P 7E 4R 1R JE 2 O R A
F5ESMHE TR H G ZERIE N HE T AR E 0 BRI L 18 RN
I R, B L SR R A FH R B R = B A AT B R i G 4H & 101, (B S B s S s 4R
I EIR, ZOTEE D T HEZERIE RN, HH R FENRZENHE 5w ieds it
Bk, MATEESE B2 R REERET .

WA BATEF foldr BRELIILH A& HRIA SINL I FEAE I, FEAl A A T4E
XA THIRSG, foldr ¥4 9w -

Y(B'(B'(S'(O))(CMD)(S'(B'(O)N(B))) (2-8)
Ui V5 TR PR P ] 2-3 B o

[ [®]

el ] [el] 51

o Fo
[l

B 2-3 fERZEAREE T foldr KA &
BRI, X TR foldr, FATSIANANFIHIA ST &I € XAGEERAE T

B1=B'(Ba) (2-9)
S =5(0) (2-10)
T =C(I) (2-11)
G =B'(0) (2-12)
RN B AT 4 i R EL foldr 5 TG4 &8 A N -
Y(B1(S™(T)(S'(G)(B))) (2-13)

G 1E 2 JE TR L R G 2-4 B

#
(o}
b=
b
&
b=
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y
(o] | L 1w]

B 24 HEFEIFERER foldr HE

S5 2-3 5K 2-4, BATTUESR], GELEHEFEIHG, WMFENAGEHERIENXE
DIOKETRT, o LIRS BRI o FH (00 A7 2 TR A B/ o T fE L2 fE o, A 3T A& By
KB A7 25 (B N R B B —— s E iR e .

ZUCBRATSA AT AT B B A T 3T 3 — 0 & 9F B AT A5 [R LA T A IR
PRI (1) HEFEIEREH ST AR, RIFNHE AR — 2R
PgmEE, HE—B A IR R g IERCR L3R E A FFRAE; (2) HAT6 I EuE Hin
ML BEEME— D E, MR, BUFAFTHM. &F A RS R, X
G IR T RO I ] (FEAF A S S S Il A R D, [FIBHEESR B R I R I P e
BRI, BRI R BTG, 75 ZEARYE S bRl A i I 45 5 2B Rebff o

A TR TR AL A T Turner & FHELEH), HAE CREFH
REHBAET) NWFE 22 Fix, WEN:

R2-2 BXRBET

Combinator Reduction rule
S Sfgx=1fx(gx)
K Kxy=x
KI Kixy=y
I Ix=x
B Bfgx=~f(gx)
C Cfxy=fyx
S1 S’kfgx=k(fx)(gx)
D B'kfgx=kf(gx)
Cl Ckfxy=k({fx)y
Y Yf=1f(Y®)

222 FHHIR

EE TG Hh oR H s AT DASE I SE I B LAk, XA O 77 B s n & 14 5 Ak
W, TRV B8 AE S e SCREIaE FH A & 74 7R 2R, F—Fim] LR A B8 1 (functors)
55 (morphisms) SRIAGNHEES . BB LL IR 40 1) T H—S 5 202,

MBSO R KA, SO —MEP s, & nl DO —FhRp i 55— L IRA M)
SRR H foldr fENEHIPL, H 5L, FRATUELREL foldr, "BERMER W — AN ITRIEAN a ) list
Ao — R b BE R a 5 b nJ DUE R —2RAD) . XFhE R eSS 2
HONHR T catamorphism H TR, &SI R 1) T7 RN —Fh s S5 ik AT AR E . P2
BAFFER AR ET H catamorphism K43, {HEEF]H catamorphism 1411 Hi pR 24 foldr bR
)G, E—RREJLFHATLLH foldr RA4iE, Hlxs lists NHFTATER R, KL K
lists K FESE5E, FARSCILILE 2-1. catamorphism AMY AT AR T lists, i8] AR T binary-
trees. quad-trees. tuples 5 H T H PR 45 .

o7 9 £ 3BH
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FIH catamorphism #i& foldr F /LFRATHE E ® L — N AT cata, FHFHE—NEHEIER
7 lists #H2C ¥ BRI ¥ functorList:

fun functorList f xs = xs[] \h—=>\t—=> (h: (ft))) (2-14)

funrec cata functor f = f.(functor (self functor f)) (2-15)
FIH A F cata R F functorList 7418 pR %Y foldr:

fun foldr f z = cata functorList \x —> x z f) (2-16)

H1T cata W] AN T-AS AR H0E 8 1L o 1) [R) S 4 o B, i DA G N T e it
U, A N R 38 B2 R bR, T RR AR foldr ARG I T 2 56 4 A [A] o

A A B A 18 B B R B AE T (1) 843 B A3 5 BR B0 A5 ORI BE N B e
Wiy, FEREHATI IR T ARER IR (2) R BRI, X
5 R 38X A B RO AT SERCR B R A, S TS E IR (3) AIHAS B 5 KT DLt
— TR, AR (AL RIS AT IR, HAR 45 4 R 2 foldmap FA4IEET,

PRI A foldmap FITIRE XS lists SEAYEHE I I e — BRI ACHEAT WU (map), XTI Y lists
FRREAT foldr #81E, MZaRm— M. BARE LT

funmap f = cata functorList \xs —> xs[] \h—=>\t—> ((f h) : t))) (2-17)

fun foldmap f gz = (foldr f z) .(map g) (2-18)
BERS, FIF catamorphism 145 -
(cata functorA f) .(cata functorA g) = cata functorA (f .g) (2-19)
HH A3 B 2K foldmap A

fun foldmap = cata functorlList (f .g)
wheref = (\x—> xzf)
g = (xs=>xs[](\h=>\t=> ((fh): 1)) (2:20)

i I I b7 Uk I R A foldmap, FRATIAN 75 B B A M VA7 At 725 [R) RT3 E AE Uit 2 J5 %
FPETAS I lists ZEAVEHE,  [R] A 9 23 ekl ek B0 XN (38 47 I8 [A]

A B A 1 B B SR AU T, S FRAE A XA AR AU T VR I, BRI Pl e
BT, ARTREXWEM. EE5FE®RT, BrE catamorphism 177 B4, &FH
anamorphism. paramorphism. hylomorphism & 1.5, ‘BA155mxH 8 s e 2 r)
BRAEIE AR . AR b 3 A I ARAE 7242 catamorphism.

2.3 KB

A B N 25 T e bR B U R R AT R

KREERRGHIAG T RB WIS 5 T R A MIS—TOIRES . TRIEH . 5 T
o BAMEMETHRRE S, R A0 R h R R E R & i T A, XA
P RB BN SKI HUBAL; fENHTHAE TG, P EA R g R 1t ) 24 8L
Oy PE A ABE AR PRI 24 G 12 i 30 A7 T T P 3R o 0kt DA B B8 A2 AR v B4 B AT 9 Y
BRI AT T /e

TE R e AR B 2 S5, A Bt R BN A P RIAT A R DA 77 2 R B 24451
. EHARRAG TEIFABERAG TIRMATTA, &SR EES B %L RH,
Gy TEARFISCIN, G H GG T 8 ARG, B2 15 R B A G 7 7 AR e 2 vk
DA e R 20 B 45 SRR AT B s L R R F 285 AR 0T e B A i AT AL, XA AL
77 EE T KB, B5 R BT R U EEOCHR, M I 7 A S B R R A R, R
it FJ B SRR EE, A B, BRI ZSEE K AN HE 7 A A @M.

#
[e0)
b=
b
&
b=
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# =% Blackbird CPU 5 )ENRIEFE

3.1 BERBZEIBES Wu

HFEIE S Wu BN THETELZEM fun 1. KRR EM . FERMN BIRERAEE
iR H AR R, BIESETN EE A ZENHIERED. 280 GhREHTTLZ
NEBAAFRAT AR EAARLER, ST AR BB A F AT R tEIs T H). 4l
BAHRIEE T - ML Haskell. Erlang %8 W S R R mIA2E SIS, S
THENEREHEZHEHG . MAWEHASGTAAH T RF 48, BIRE. N5LeHE
(house-keeping) 4L AT,

Wu R R literals(32-bit number, Int, Float; 8-bit characters, Char; Boolean values,
Bool). lists (Ffg—NItR2ETHNRAE T[] Tuplese Wu FIZREUG A HLHIE R, lists [
TG A RE N A — PR 252, T tuples TG 2 PN R OB 2828 . 7ERR Pl AT &
+ IN F OUT KA E L HE 5 SMF 2 TR 5 S A .

Wu FIER A E4E: (1) let IHAJHT X SESRWIMEE L, ZESERTIs T 24 P
let G AR EMERTE B EIH (et 1IBRAUSIT—IR, ZJa A 5] 3R — SR EED,
D] 12 0 ) Pt sof L ) A A AN AE T T %0 B B T 51 A e A 38 38, S il i
ARERE IR (2) case iBAJH T2 H); (3) where 1AM T LR Bb ol T2 2%
L B AL &

Wu 45 HOFRE 7 R 8 AN FE R main, X 9w P28 AT ER AR A 208 O 20 B AL R
Wu HH T A G w2 AR T NS, IR AR R o SR R bR id HZR YA funrec (E
AL fun), 7EE R FRECE S self KR .

Wu sg2 — MR (garbage-collected) 155, RN & 75 BAF6ifh 23 (DR AE S A7 25 18]
RSB —E R B 2hiE 8, FIAR T4 208 5 RV FEE i SR Ica S i 2 il
RN SEELRT, HAE T mikdsdnit. F2PHATHE I —H 45

3.2 HEFEIH fun

3.2.1 HAETHELEHM fun

HETEYN fun PEHMAE TEOE: EAHET (Tumer HETEIT B,
WEFEARZEMAST. WMANKHAE 7O,

HE YN fun SCHUGFHAT ) EFLERAE, AT RERFEEE T E R ke
SIS E T R EERAFAETE [F — N HEN o EHE IR NP AL cell, cell [IR/NA 72
bits. BN cell FHFAN KN 36 bits FIEB 4R, Wi 3-1 B, BARHRCN: K/NA 32 bits
PIERTFEB (HATEES). 3 bits KRB FE LUK 1 bit FhIRIEN S (HT17%
B o, SRRV BT 7 RHATRE, 40 A& : CTRL(FE 454 ) PTR (4841 LIT (Literal )+
COMBI (441D LPTR (51]#464t). TLPTR (&34 #45%F). RPTR GREIFELD). FEM
FhEBH T EIRLY R P e, RAS BT 5 1]



37 2E0%;

) A,J ' SHANGHAI JIAO TONG UNIVERSITY EF Blackbird CPU BYMIR IR F 1%t
71 3635 34 3231 0
L R )
T Tag Left Payload T Tag Right Payload
1 I
Left Right
GC Mark bit GC Mark bit

B 3-1 FEEETT cell I EARMIR

A PR AR BRI 20 G A = i N R 2 A e 3 s e iy e
PR EFHEEE RS (AR EHERAE RS funk HARTERD T8

CSR CRPERAEMIZiA748) & —M A THH w74, UEE R AR g, He
AR ESE: RA (RHLHE) 27788 HS GRS Zi/E8f FH (BINFIFRL) Ffras. H
HRA A TR E R EEAT M AR IR, & nT DI R g ishi Wi el 2 #t 2 (A E
HZ1); HS Al FH fbi U E 28, SR BRAEAN HERE $hAT I o] (6 A0 25 1A . FH 638
(1) cell B B3 I B 25 58T o by AR B R IX 3 AN 27 A7 28 SR B 2 TR cells AN TR A
R R4 TR A1IX LS cells, FERINIX LY cells 1k FHAR 7 REWS T -

7E B L) A BE 7 T 75 B A A ) PRTR GR[BIFEE) 571 cell 1 LI 1] 25 3§
FIT 5 A% 25 0], PRTR $REMUAH TALE ™k 467, RIS EM 10 AE1. FMZAM
A BREEBIFE T “main=+ (- 94) 37, FHERLMEAIRERNE 3-2 . 4d0ids MR
FHREIMMAE T, $KF) add, BN add TR ESLSIHREUESLF, FTUAAREPAT, W
Kl 3-2(a) s TR g asflis — AN B cell, HAE M dE ) R B cell /) PRTR f54t, &
M4 1A 7 B 4RE, WK 3-20)FR;  HEE TR E sub TR 1 2 AN SES CHERLF, T
EPATTERUE, HIRIEUE S RAFZHT cell AMIZSE AN, 1l 3-2(c)fiR; Z a8 cell £
M 5 A7t 2 )5 B P21 cell P23 a], FHEEFT AR cell BEATHIZ), WK 3-2(d)FTR;
B AAT R add FFIR [E] 8.

Roat -
e
[add[
E{EI— ¥ new subgraph root
|_*j| - [y |
subl 9 . [ 4]
sub[ 9 |
(a) (b)
Root Roo
IR |
[ o [ 3 | (4 1 3 ]
ladd [ - ladd] 5 |
X £

(c) (d)

B 3-2 EMLSELIPER

H - 7E LS B i N i 2 R o itk LR A BIEH I ThEE, 1ZEI/E /e R &0
2 AV R o 41 TR A0 TR A N i T g ELEE I e UM T AN R BE R AN
oy LA TSR B o BN LA TR R B R R A ). BRI A T RS N,
OUT. HALT, 75 EAAFZEFKEMAHET, oalsiiidmN. Bl . Bfkre X
DB 3R 2,

3.2.2 T

Blackbird &b FEAS IR 1) e SR Atk BT AL EE : GRU CBERIZ) BT s HMU CHf AR BE 55D
5 heap subsystem (MET RS, 54b, 1Z4EHE LA WISHBONE #M & $. 0 H T 3 Fri N\ i
HiE S Mmab g, B
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192 B0 Church-Rossor & BESC I B 7 . B A YT sFdgi Jy, BRI —
MHE TR ElRGBIHEG TG, MRPTOEE. i, A7 S e I+ H
H#EN GPW (graph-spine window, FEIH & I1) H. GPW s& SGR #h#EZs (stackless processer,
TR LTS HhE— [N B ARG H . 12K 5 MEENAF 798 (chained register) 14
it GPW, BET548 23 [6], SR T AT 13 5 454 o X Lo S\ a7 A7 A8 16 3 7 I DLAS A 27 A7 2% Cshift-
register) fiH, 7E4HE&F AR LIIATIEATEHr.

FFE R B TTRF A M N B 2 (Y R N, FEAE A TR S N S st E 5 5 T
M E PR B IR USRI S 5

AR ITRKIBAH & T MNPATHE TS, E— D EAN I TESZE 4 4
HEBTTHITA GPW B A2 .

HEIAAAE N 28 1 02, BN 72bits FEAT 15cells ¥R, A0l g B4 AL A L2
BB o A HE SOVFLE — NI R 4 ANEAE AL B RIS HEAT TS 10 . A0 BRI 72 B 2
SRS EAE N cells FIVIRE I AT AR LI . ZHEILSCREINI A1, (HAEfE 4
FEI SRIUE — BT R 2 72 AR SE R

3.3 FEAEMRIZRFE

ZEFUENRER BT, — 72N Blackbird A-HE 2Rt —ERIEARKI BT, NE
LR B ) g AR AR AN it : 53— 710, T Blackbird 4b¥ 38 BB HE T4
HEHE fun FHT I R BN AETE S Wu, DRI 75 2858 — 2H R 0 ek 25 5 S Blackbird Ak
FRARIVERE, AU T B a7 8] DL R A7 2 18] o5 F Bt Re i

ZEFEMENNRE QS =P IO MNARE 7 JERAZ R N ISR, RN
BIPF 1. MREMHREES Wu WS, HHSH, HREHREEA literals, lists Al
tuples. 7E 40 5 AL —MRFEF I, TFE %S — A main BREGEA)E N EIIZ g RS IF N o

3.3.1 EAZ R

FEARRL R BT R 2 T, EATR BSOS R /s HOGBE RS 43 o ARURARR U i sE AL
S0P P ATSE G S 5 e L e N A E T B R AP I A E e N B TN (DS PN
A B R

FEAKZREI AT B EE R (1) I SR T RESLHL M IEMTE; (2) 1E A/
TR DA S FLS N ARFF (2L RGE 73 s (3D AF IR 7, SR ub AR Ak BB X T A BR AR A8 1T 14: BE
TR GERCR, AR 32 2 A E ARG R A S B S A RCR

FEAKZ R B VELH N 2 LR 3-1.

31 EAXBEERH
Application o
. Name Description
domain
and Wiy
or LA
BOO] N =
not lgzniﬁi?:ﬁ
XOr 124 7 BR
abs B4t 5 HE
max SN
Numeric min B M
u T
pow SREEH R
sqr KT
cube KL

% 11 7 3k 33
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23R 3-1
Application Name Description
domain
_ ged HIGSEACEROE IR N 5 S NN AL
Numeric succ n—#4E
isnull W IR =S
head B —ITHR
tail B — N IeR LIAMNRAIER
init BVEE I Wi YU NI ETIES
last Wi fa— M IoE
foldr MFNRAMITUR &
foldl MBI Mo 3T &
map FIF I A= OB 81 22
filter PN IEA OB 81 2
scanl IR 3L
zipWith IR 3L
iterate IR 3L
ones ATt EAN 1 IERKIR
ones_pn HEROTE AL -1 AHIE I ERR K1 ER
from AR n TR KOy 1 P 5
range AR m # n. BN 1T EIR
length KANFKE
Lists sum ﬂ?@j:%%?ﬁﬂ]
prod FIFRTuE KA
reverse IRBFE
average TR ITTERRFEME GRIEME DY & TN
foldmap WL R AR B34
zip PP literal 513K 5 I A— tuple F1I3E
concat PHEM IR
take PABIFRAET n Do AR
drop ANFEFNRET n DT RAERHT SR
partition IR 3L
split IR
dropWhile IR
takeWhile HR 3L
andList TR TR S5HAE
orList HI 2R T0 3R B
elem FIr T8 ER
repeat A RAE A R — i T R SR
all FIWr B R TC R 2 TR & —
any FIWr IR TG R 2T A RTE—

% 12 71 3 33
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Application Name Description
domain
index &S n Ao (070
first W EH IR
second W EH R
third W AR =N TR
vecdotprod IF) 5 R 3
Vector .
veccrossprod ] 12 X 3fe
scale IF1) 5 4 i
vecmodulo Ir) ORI~ 7
vecplus ] & >R AN
vecminus [F) B SR 7
matsize SKREEFE RN
Matrix isSingle FIWHE RS INA — R
matprod_line Ir) £ 5 B e AR
matprod T R e
quicksort P HE T
Sort insertSort AHET
mergeSort H I
fst WA E AR
snd WnHE AR
Tuple tupleswap L TCH IR TR
curry ARG ERE S VS PIVEA B WAoo
uncurry B o N o ER I — BR 2R
itoa He BEHF AN ascii B5
ASCL toUpper NGRS
toLower UNCESEYNCESS:
isAlpha Fir e A 97 B
printbool ey th A R Y
printMaybe far i monad 27U {H
err W SR
put GPIO %iith literal
Vo putc UART %t literal
print UART w455t literal
printlist GPIO #irth list
printl UART #irth list
FH RN 78 R B BE IR -

® ¥ scanl: FIRIRIE. WIANTEWNMALS MR fL BIGE 2 MRHRIETIR
xso MAEMITAG, ARMHBIRKEE —ADTTRN 2, B ATURNIMANTIIRSE —
MR 2z 5 xs W DIURMREf IR EE, 5 ="Ics AR —
MR z 5 xs H A JTRMIBREL £ R BME, MBS, F1A072 5 “main = scanl

% 13 T 3 33|
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1:

3

+0 [1,3,5] 41 [71[0,1,4,91-

BRI % zipWith: F1FRERAE  HIA N T ZEM M SE S 1 R AL £ AT N2 xs1 . xs2.
HERFHIRRIE =N IURNMAN xsl B —DITERE xs2 NIRRT
FIREHE, 58 = NICENFIAN xs1 B AL ERS xs2 I N R IRE 1)
IR A, HOESEHE G H AT — BRI TO RIS, W PR R RSN 2 775 IR [l
BN FE 5 “main = zipWith + [1,2,3] [2,3]K#1& [7]“[3,5]”-

PRIAY iterate: HI AN NIRH N BRI £ 5 literal Z8MEL xo A RBCHTRIFIR N HE N [x, f X,
£(£x), F(E(EX)), ...]7

PR 4 partition: I A& cond 551 xs, iIR[ElI—NJC4 (tuple) . iZIGZH 25N (FF
GRMITCRERYIR, 6 FMHRTRERPTIR) 7.

PR split: FIANEER n 551K xs, RE—ATdH. ZmHANE R BRI 0 A
TCRAMTIR, FIRMAFIRTRERPZTIR) .

PR % dropWhile: i A\ 2514 cond 5%IF xs, REI—ANFIFER . MFIFE xs #LaHAMK IR
FIWTT R B RTE KM cond, £ UFITCERAA &M, WEEER: 7 40T EANRT
G, MR ARG R ARG TR, EREHyIRIER R .

PR # takeWhile: i N 251 cond 5%FR xs, R[EI—NFIFR. MFIFR xs FLaHAMKIK
FIWTT R B RTE KM cond, £ UFITCEAFFE R, WEBEE B UHICERRT
G, MR ARG R ARG ER, AR yIRIER R .

3.2 NFRER

ANBYFEHENNRFE 4R 1 2 — e A B A LR A (HEA —Eis B E NN . efdE
TE G SRR R 1 7 SR o /N R IR e et B 15 2 A s 201 B AR
8L, BRFEBE KIS B4 L N AR AL 3 38 D Re e DA R AR A R 0T Ab 28 258 1) PERE S 7 TH 3k AT 5%
WE. ARG EZAG ANk A G & IF IR S LA RCR .

AR AL BN R HENAAL 7 71, KA T guthub A7 csabahruska Wit {8 HE
& Haskell % 51 FH 190K BIL) 2 1625 MR P D3], 32 2404 fact. fib. linfib. sieve.
tak. tsumupto. foldfrom. hamdist iX 8 MMRFE/F . EATMTIRERI A1~ CEAARVRERS OB 5%

PRIZL fact: F AR AR TSI B 28% n (B 3.

PRI fib: 3 VA AR SRR IR E 2 n AN TR

BRI linfib: A VA (1) 78 20AE B DME— BB R MR I 2R PR FEFN I 0 ot
BREL sieve: HAELH, EERIR P R A AE— U R BUE R T — o s BUE R
W, WARIFEHSIEA, MEFRRBEMTER. FIFE T “main = sieve [2,4,6,7,9]”
B [E112,7,917

PRET tak: 1ZEARRR BB T AEMENNR . RN ERN: A=A EE x. vy, 2.
¥y /T x, MR tak (tak (x-1) y z) (tak (y-1) z X) (tak (z-1) x y); 75 0 ELEIR [6]
Zo
PR tsumupto: I = ANMUE 2. nv mo EHIEMIEMNEL n BB m. SKN1H
545, RFG SHIAEE z B0, IR EFIE.

PREL foldfrom: HAZUE n. m, IRFEIMEEE n 255 m. BKA 1 HIFE0
JLERFME. 5 tsumupto F49a 5 J5 2ANA o

PREL hamdist: SREUIAPFIR (ISR Z RN 25

3.3.3 HsMW A
FLS N R A AR S N AR E AT Nt SR HERFE o B ATTAH /N TR L o)

% 14 71 3 33
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WEFME, RAERNEHEEHR AR EREFRERE.

FEAVRE D, HN BRI HRET: ERIEDIRe A £, HT PR GRIN
(ERZ)) giieds 5 GHC ZmirdsrOtEREEL X 45 0 o BEMRIEZ AL B8R SR AR IS AT R B Ui
Fe 5 T AR

AURE BT B LS B AR P IR A T 3 MO E WL BREL, 43008 detmat. queens.
rsa. EATHITHEERI AN T CRARIERS W% D:
® X detmat: HIATTFE, IR [EIT7FERAT I E.
® K%l queens: n-EJFMEL, HI: B n AR5 I — e MU BCE AR RN nxn (AR

b, B ESRA AL AT AT AR 9 AR LR IR 25 B

BN n, KR Al -5 SRR ECE .
® X% rsa: RSAINEHIE. WM BEIRA BN =9, AN =PI

FATERBET RSA TN, M NFRFE, it ine s iy a3

3.4 KEINGE

A BB g AEE S Wus TR R % Blackbird 40P 2% 14 & 722254 fun DL A 1K)
SR 7 AR VR A

RS S Wu, RZEDBIGH CIEARE . Bk, BRI, bk
EHNE W THETFELEN fun, RAFEAUHIR T HIREAAEHE N E6ETE A AR
BATTIERE T A EIRLITE LA N RSB R, 35X 122 Ab T 28 A AR ) 4% 358 0 2HL 1l 5 Th AR
TRV .

X T AU TR AR P AR, AT R T e iR RS B R 2R 7, DL
B B A, R AR S NIRRT ECSE R SRR 7 (0 T e kA7
HIHER . EMIERE FBA TR BT 1 AR X % AL FE 28 AT FAR A

% 15 71 3t 33
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FOE EEMNEMEEEM

4.1 WEFRE
4.1.1 VLN
AR ) BV AR PP AR IR AL AE P 5% 1 A VR, 5T SN Wuo LIRS i
fER S Ubuntu, B A 2048MB K/NNAES 15GB K/MHISME .
AR S BT v BT A R AT DO RE P IR E,  BPCRAE AT e THRE T AE Blackbird Ab
FRAY NREUSISAT H 2 AR IR B S5 5 o 1X — 070 I S e 48 SEANTE VAl 45 SR TR AR TR SR 0 B R, 152
AT LM B 1 AR AR AT S0, SEIR A BN S e R A R — B
FEDREVESSUE 5E R Al b, AR 2 2P B a5 i . — J7 T i LL R
AR ——HETE IR SRR R TG AL BREIE 1T 8%, RIE LA E R T
bR #5 ) Blackbird AbBE G 7EVERETT HIHOHETTs 53— J7 1@ I LLAL(E Blackbird AL FH4% 5 i &
B R s [P W7 O iRt AP IES ¥ G LY oY el R QTR AR EY S B A d oy G s A A W e
FEACER IR (IR b, AR PR it b B 2% K 1 & & HE B 1T IS 1 BE AT VP4 o
2P IR 1 R HENIARE 7> fact. fib. sieve. tak. foldfrom. hamdist /E N IFA5 % 4,
NN B —E s E, W LUE RS IR . IR, AURENR T A B R A
SRR S A REREAT VR o PRAS I AR U AR Y foldr. map. filter. length. scale.
partition, FJ 3 NERECHIEHBIRE, J5 3 N ERED BRI X LAl iR $d — 0 e
X R R LT R A case WEAIIE X K B R AR S5 M RFE I 5 R A5
HIRRE X, AR 1.
B, AR LR AL B ES T 12 4T Rl — e BN gm e BE Ve Re, A8 B SEBlp) A
ST
o FIHYFEIES Wu w52, 7F Blackbird AbH 23 M A% 148 Ligtr, #Hig L
15 FHISHp 452 4 100MHz (#) Altera Cyclone IV FPGA , {H SZBRALE fE L _E 34T

® FIH%fETE S Haskell HiS5HET, fEam2 b EHMNK GHC (Glasgow Haskell
Compiler, 4 Haskell it I4miEat) FigfT, AR 4% 1.8GHz [ Intel Core
5-8250U AbH#% .

AR I R I BN FE Y detmat. queens. rsa TENTFAE X 4,

4.1.2 VA EE

X T HT AR TYERE SR TN, KR S8 AT I A] . A7 il o FHAH DG 1) B2 &

® HIZREL (Reuction counts): I&ATHFER B BN L) g i 8 AT BN L) IR 4,

® LML (Total cycles): IBATFE/TII AL 482 DL HABIERAE 1 L0847 A AL

® PG IuEL (Allocated cells): IZATHEFIT BRI 4 1848 70 FL IMA7 A 5200 cell

(A .
BTATRAE AR Z ki E AR 3T, PRI A N
et = B a /AT FE 21 4-1)

TE LGN [F AL RS 1 R B Ry s AT PR R T T, FRATTRE K IS AT I [RIE R B A
Hodp, XFT GHC FIH B4 “set +s” BRI 0] R FR /7 IS AT IS 8] 5 % T A PR i) RN 20 G 3 i
P A AT T
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42 THMEER

4.2.1 HETEFFHE TR 25

A6 05 VPG 45 R WE 4-1 s &0 BB A 2R B an ] 4-1 B o
FEF A. By C. D. E. F [WEARHE 5 N: A: fact 10005 B:fib15; C:sieve[2..1000]; D
tak 15 10 5; E: foldfrom 1 1000; F: hamdist [2..1000] [1..1001] 0.

3 4-1 FraiEal s mnT s, EMZARE. S A B SRR TEOX 3 MNMEFRII%
B, BT tak BREUE S BCAEE SR G EOX —F8hr LRIERIL, 8 GG T ATIURE AT R
JUT T RAEAA S TN A B E A DL NE0: e A I LR (1D
D IANLITERLI REL: (20 SRR IS AT AR ] (3) kA7 2 1] 7 o

FEXS WIS AR FLE 3 MR AL ER, oT LR IR S A AR, B2 HI T
ARSI . KRN, ERTHETHIEN, 08I M-S T B BRI BB
PE, AHRHE, TEIXLEEpR A E R FEEE MR Y B S, TR T o) — SR P I S = AR AR L
AT NSRS R, ZAAHHE TFIUS T WEARHE PRGN, HIAR
Bt — B B2 18]

Eb X L U BORN JE8 AT B TR AR A 2R AT, IX AR AR AE VPN &5 S T —3, RS
B R SR TR, XU AL AAT N, HE &R T I R PLAM
WERERAT N (W) HAEGRIRE. Hob, &80 s HE S armFpfais it i

B AA Bk,

R 4-1 FHAETEIHAERIHEERR

F Reduction counts Total cycles Allocated cells
unc
Before After Rate Before After Rate Before After Rate
A 10095 8994 18.20% 40987 31976 21.99% 7001 6998 0.04%
B 21701 17753 18.19% 90775 70023 22.86% 16775 15785 5.90%
C 22 15 31.82% 88 44 50.00% 28 20 28.57%
D 199156 183634 7.79% 659353 599844 9.03% 219844 | 225010 -2.35%
E 21015 14006 33.35% 89063 45017 49.45% 19018 15009 21.08%
F 55032 45019 18.19% | 213143 156035 | 26.79% 80026 69016 13.76%
60.00%
50.00%
40.00%
30.00%
20.00%
10.00% I I I
0.00% I I
A B C D E F
-10.00%

m Reduction counts

017 0

m Total cycles

1t

A

33 111

Allocated cells
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& 4-1 A ETEIFIMRALER T E

4.2.2 ANFEGE T A PP 45

PAASIE] 75 202 5 R BT AG 45 SRR 4-2 11 4-2 B, RS S35 et 2 B 1
Wil 4-3 Fios . Horb versionl AT case 1HA) %5 W BREL, version2 AR F 51 SR A 45
M5 SUMJIE TR 2L, version3 AR H catamorphism %% 5 [ %L #2/5 AL B, C. D. E.
F I ELAHR 2 B4 : A foldr * [1..100]; B: printlist (map succ [1..100]); C: filter (< 50) [1..100];
D: length [1..100]; E: printlist (scale [1..100] 5); F: printlist ((partiton (<50) [1..100]) fst).

MEEVAL AR E W], TN 2, HAE =Ml B 4545 T 1 version] JRASHI IR
gE R R R AN AR L2, B version2 Fl version3 AHZER/N, HARHE I BLELTF AL
R

L version2 Al version3, P EARFHZER/N, (HLERREL foldr LA K LLRREL foldr F43E1)
PRI %L length J71HI, version3 [ eRBUSAT NG AL 2 /A (8], I H 5 FHEE DI fE s e H
RERBISATI, version2 ¥ R A LAV EE R 1X— VPG 25 R w] DL H A5 B 10 IR B AT
fiftBE, RUIAN version3 fZf# FH UL catamorphism JE2U4u 5 (MR 4L, 1 catamorphism 773 J5EE
TR E SCED R I — R A ) SR 4 e — SR B {E, IX 5 BR 3L foldr. length MR /2
— B, PUAEIX P b ] DU B A RO s TR B D e — N S F SR A %
By i — MR AR (AR TTLIAEIRD, X5 catamorphism AN, 7EZAG
w5 H 3012 hylomorphism, PRIIACREE % . v LAFUEHK) /2, 2418 F hylomorphism i,
HA%RERIR T HEAL I version2. WLEZIE 4-3 W] A1, & HE vt ok 2032 B st A5 S B A Ak
77 IR = .

R 42 HHAAFERE T AT RER

Func Reduction counts Total cycles Allocated cells
Versionl | Version2 | Version3 | Versionl | Version2 | Version3 | Versionl | Version2 | Version3

A 3413 1911 1811 11237 7836 6232 3822 2515 2115
B 3514 2014 2315 11937 7035 7839 3619 2515 2717
C 1679 973 1069 5385 3475 3658 1792 1335 1327
D 2915 2211 2111 9842 7839 6235 3622 2515 2115
E 3514 2014 2315 11937 7035 7839 3619 2515 2717
F 3920 2568 2622 12454 8251 8660 4080 3075 3180

14000

12000

10000

8000

6000

4000

> | “ Il skl
0

versionl version2 version3versionl version2 version3 versionl version2 version3

Reduction counts

Total cycles

mA mB mC uD ®E ®F
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// prelude.fn

// INFIX OPERATIONS :  + BUILT-IN ADD

// - BUILT-IN SUB

// * BUILT-IN MUL

// / BUILT-IN DIV

// % BUILT-IN REM

// > BUILT-IN GREATER-THAN
// < BUILT-IN LESS-THAN
// == BUILT-IN EQUAL

// [ BUILT-IN LOGIC OR

// && BUILT-IN LOGIC AND
// : BUILT-IN CONS

// >> BUILT-IN SRL

// << BUILT-IN SLL

/l . compose

/ ++ concat

// (_, _)CONS (TUPLE)

// CONSTANTS : true

/l false
1 (]

// COMBINATORS
funla=a;
funKab=a;
funSabc=ac(bc)
funKIab=D;

funClabcd=a(bd)c;
funSlabcd=a(bd)(cd);
funDabcd=ab(cd);
funCabc=(ac)b;
funBabc=a(bc);

//BASIC COMBINATORS

funid x =x; // TCOMBINATOR
fun const x y = x; // K COMBINATOR
funskipxyz=x; // BS

funskip2 xyz=y; /I KK
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fun distribute x y z=(xz)(y z); /S

fun flip fxy=(fy) x; /I C

fun compose f gx=f(gx); //B, CAN BE CALLED INFIX AS . -> foo . bar 2 = foo (bar 2)
fun double fx =f(fx); /I'W

funapplyxy= yx; II'T

fun unconsf=Ds; //->ab(dc); D*

fun composeflip ab ¢ =a(c b); // Q1

funtriabcd=dabec;// Vp

[[-mmmmmm e
// Bool data
[[-mmmmmm e
//Constructors

fun true = K;

fun false = KI;
//Operations
funandab=aba;
funorab =aab;

fun not x = x false true;
funxor x y=x (noty)y;

//Operations

funabs x=(>0x) (- 0 x) x;

funmax xy=(<xy)yx;
funminxy=(<xy)xy;

funrec pow xn=(=0n) 1 (* x (self x (- n 1)));
fun sqr x = pow x 2;

fun cube x = pow x 3;

fun gcd x y = gcd_abs (abs x) (abs y);

funrec ged abs x y=(=0y) x (selfy (% x y));

fun succ =+ 1;

[fmmmmmmmm e
// List data

[fmmmmmmmm e
//Constructors

fun[]=\f->\g > f;
funconsab=\f->\g->gab;
//Deconstructors

fun isnull xs = xs true (\h -> \t -> false);
fun head xs = xs (err "head []") true;
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fun tail xs = xs (err "tail []") false;
funrec init xs = xs (err "init []") (\h ->\t -=> (isnull t) [] (h : (self t)));
funrec last xs = xs (err "last []") (\h =>\t > (isnull t) h (self t));
//fmap and morphisms
//1_fmap: functorList
funl fmap fxs=xs[] (\h->\t->h: (ft));
//1_cata: CATA functorList
funl cata g=CATA1 fmap g;
//foldr, foldl
funrec foldr f'z xs = case

| isnull xs @ z

| @ f (head xs) (self f z (tail xs))
funrec foldr2 fz xs =xs z (\h >\t -> f h (self f z t));
fun foldr3 fz=1 cata (\x ->x z f);
fun foldrd fz=FIX (\n >\x ->xz (\a->\b > fa (nb)));
funrec foldl f z xs = case

| isnull xs @ z

| @ self f(fz (head xs)) (tail xs)
funrec foldI2 £z xs =xs z (\h -> \t > self f (f z h) t);
fun foldl3 k b mu = foldr3 (\a ->\f -> (. f (C k a))) I mu b;
//map
funrec map f xs = case

| isnull xs @ []
| @ ((f (head xs)) : (self f (tail xs)))

]

funrec map2 fxs =xs [] (\h >\t > ((fh) : (self £'t)));
fun map3 f=1 cata (\x > x [] (h >\t > (fh) : t));
//ilter
funrec filter cond xs = case
| isnull xs @ []
| @ (cond (head xs)) ((head xs) : (self cond (tail xs))) (self cond (tail

Xs))

funrec filter2 cond xs = xs [] (\h >\t -> (cond h) (h : (self cond t)) (self cond t));
fun filter3 cond =1 cata (\x -=> x [] (\h ->\t -> (cond h) (h : t) t));

fun filter4 cond = FIX (\n -> \x -> x [] (\h ->\t => (cond h) (h: (n t)) ((n t))));
//scanl

funrec scanl f z xs = case

| isnull xs @ (z : [])
| @ (z: (self f (f z (head xs)) (tail xs)))

B
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funrec scanl2 fzxs=xs (z:[]) (\h ->\t > (z : (self f (f z h) t)));

//zipWith
funrec zipWith f xs1 xs2 = case
| (or (isnull xs1) (isnull xs2)) @ []
| @ ((f (head xs1) (head xs2)) : (self f (tail xs1) (tail xs2)))

B

funrec zipWith2 f xs1 xs2 = (or (isnull xs1) (isnull xs2)) [] ((f (head xs1) (head xs2)) : (self f (tail
xsl) (tail xs2)));

/literate
funrec iterate f x = x : (self f (fx));

//Operations

funrec ones = 1 : self;

funrec ones pn=1:(-0 1) : self; //[1,-1,1,-1,...]

funrec from n =n : (self (succ n));

funrec range n m = (>nm) [] (n : (self (succ n) m));

fun length = foldr4 (\x -> \n -> succ n) 0;

fun sum = foldr4 + 0;

fun prod = foldr4 * 1;

fun reverse xs = (((foldl3 (flip (v))) []) xs);

fun average = \xs -> / (sum xs) (length xs);

fun foldmap f g z xs = foldr4 f z (map3 g xs);

fun zip = zipWith2 tuple;

fun concat xs ys = foldr4 (%) ys xs;

funrec take xsn=xs [] \h ->\t > (or (==0n) (> 0n)) [] (h: (selft (- n 1))));
funrec drop xs n=xs [] (\h >\t -> (or (==0n) (> 0 n)) xs (self t (-n 1)));
fun partition cond xs = ((filter4 cond xs) , (filter4 (. not cond) xs));

fun split xs n =xs [] (\h -=> \t -> ((take xs n) , (drop xs n)));

funrec dropWhile cond xs = xs [] (\h -> \t -> (cond h) (self cond t) xs);
funrec takeWhile cond xs = xs [] (\h -=>\t -> (cond h) (h : (self cond t)) []);
fun andList = foldr4 (& &) true;

fun orList = foldr4 (||) false;

fun elem x = any (== x);

funrec repeat x = x : (self x);

fun all cond xs = andList (map3 cond xs);

fun any cond xs = or (map3 cond xs);

funrec index xs n = xs (err "out of range") (\h >\t > (== 0n) h (self t (- n 1)));
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fun first = head;

fun second xs = index xs 1;

fun third xs = index xs 2;

fun vecdotprod xs1 xs2 = foldr4 + 0 (zipWith2 * xs1 xs2);

fun veccrossprod xs1 xs2=(0Na->\b->\c >\ ->\f->\g >(-(*bg)(*ci):(-(Fce)(*ag)): (-
(*af)(*be)):[] (first xs1) (second xs1) (third xs1) (first xs2) (second xs2) (third xs2);

fun scale xs n = map3 (* n) xs;

fun vecmodulo = foldmap + sqr 0 ;

fun vecplus = zipWith2 +;

fun vecminus = zipWith -;

//Operations

fun matsize xss = ((length xss) : (length (head xss)) : []);

fun isSingle xss = (\size -> (and (== 1 (first size)) (== 1 (second size)))) (matsize xss);

funrec transpose xss = (isnull (head xss)) [] ((map3 (\xs -> head xs) xss) : (self (map3 (\xs -> tail xs)
Xs$)));

funrec matprod_line xs xss = map3 (vecdotprod xs) (transpose xss);

funrec matprod xss1 xss2 =xss1 [] (\h >\t -> (map3 (vecdotprod h) (transpose xss2)) : (self't xss2));
funrec matremoveline xss n =xss [ \h >\t > (= 0n) t (h: (selft (- n 1))));

funrec quickSort xs = xs [] (\h -> \t -> ++ (self ((partition (\x -> < x h) t) fst)) (h : (self ((partition
(\x -> <x h) t) snd))));

funrec trins rev xs1 xs2 = xs1 (self [] (++ (reverse rev) ((head xs2):[])) (tail xs2)) (\h1 ->\t1 -> xs2
(++ (reverse rev) xs1) (\h2 ->\t2 -> (< hl h2) (self (h1 : rev) t1 xs2) (self [] ( (++ (reverse rev) (h2 :

xsl))) £2)));
fun insertSort xs = trins [] ((head xs) : []) (tail xs);

funrec merge xs1 xs2 = xs1 xs2 (\h1 ->\t1 -=> xs2 xs1 (\h2 ->\t2 -> (or (< h1 h2) (== h1 h2)) (hl :
(self tl xs2)) (h2 : (self xs1 t2))));

funrec mergeSort xs = xs [] (\h ->\t -> (isnull t) xs ((\sp -> merge (self (sp fst)) (self (sp snd))) (split
xs (/ (length xs) 2))));

[fmmmmmmmm e
/" Tuple data
[fmmmmmmmm e
//Constructors

fun tuple =\a >\b >\f->fab;
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//Deconstructors
fun fst=K;
fun snd =KI;
//Operations

fun tupleswap t = ((t snd) , (t fst));
funcurry fxy=£f(x,y);
fun uncurry ft = f(t fst) (t snd);

funrec itoa_n=(>1n) [] ((+ 48 (% n 10)) : (self (/ n 10)));

fun itoan = (> 0 n) (++ (45, []) (reverse itoa_ (- 0 n))) (reverse (itoa_ n));
fun toUpper ch =+ ch 32;

fun toLower ch = - ch 32;

fun isAlpha x = (or (and (< 65 x) (> 90 x)) (and (< 97 x) (> 122 x)));

//
// maybe monad and functions
//
//Constructors

fun Nothing = \nothing -> \just -> nothing;

fun Just a = \nothing -> \just -> just a;

//Operations

fun fmapMaybe f a = a (Nothing)(Just);

fun maybeC n f= CATA fmapMaybe (\a -> a (n) (f));
fun pure = Just;

fun applyM f x = maybeC Nothing x f;

//TODO TESTAR applyM

fun >>=m f=m (Nothing) f;

fun=>al a2 =>>=al (\x -> a2);

[f-mmmmmmm e

// Basic IO
[[~=mmmmmmm e

let UART = #00001000;
let GPIO = 0;

let stdout = GPIO;
//Operation

fun printbool x = x (print "True") (print "False")

fun printMaybe x = x (print "Nothing") (>>= (print "Just") (OUT GPIO));
fun err xs = EXC (print xs );

fun put x = (OUT GPIO) x;

fun putc x = (OUT UART) x;
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fun print = foldr3 (OUT UART) (I);
fun printlist = FIX (\n > \x > x I (\a ->\b -> (OUT GPIO a) (nb)));
fun printl = foldr3 (OUT UART) (OUT UART 10);

end

// fact.fn

funrec factn=(<n2) 1 (* n(self (- n 1)));

main = put (fact 10) true

// fib.fn

funrec fibn=(>2n) 1 (+ 1 (+ (self (- n 1)) (self (- n 2))));

funrec linfibx yn=(=0n) y (selfy (+ xy) (-n 1));

main = put (fib 5) true

// foldfrom.fn

fun foldfromnm=HYLO | fmap (\x >x0+)(\a->(<ma)[](a:(+1a)))n;
main = put (foldfrom 1 1000) true

// hamdist.fn

funrec hamdist xs1 xs2 d = xs1 (xs2 d (\h >\t -> + d (length xs2))) (\h1 >\t -> xs2 (+ d (length
xs1)) (\h2 -=>\t2 -> (==hl h2) (self t1 12 d) (self t1 2 (+ 1 d))));

let strl = "astronomy";

let str2 = "astrology";
main = put (hamdist str1  str2 0) true

// sieve.fn

fun upto n m = FIX (\ana ->\a -> (<m a) [] (a: (ana (+ 1 a)))) n;

funrec xfilter x xs =xs [] (\h >\t -> (== 0 (% h x)) (self x t) (h : (self x t)));
funrec sieve xs = xs [] (\h >\t -> (h : (self (xfilter h t))));

let 11 = (2:3:4:5:6:[]);

main = printlist (sieve 11)
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// tak.fn
funrec tak x y z= (< y x) (self (self (-x 1) y z) (self (-y 1) zx) (self (- z 1) x y)) z;

main = put (tak 18 12 6) true

// tsumupto.fn
fun upto n m = FIX (\ana ->\a -> (<ma) [] (a : (ana (+ 1 a)))) n;
funrec xsum n xs =+ n (sum xs);

fun tsumupto z n m = xsum z (upto n m);

main = put (tsumupto 0 1 100) true

// detmat.fn

funrec matremoveline xss n=xss [] (\h ->\t -> (== 0n) t (h: (self t (- n 1))));

funrec submat_unremove xss = xss [] (\h ->\t -=> ((tail h) : (self' t)));

fun submat xss n = matremoveline (submat_unremove xss) n;

fun submatvec xss = foldmap (:) (\x -> submat xss x) [] (range O (- (length xss) 1));

funrec detmat xss = (isnull xss) 0 ((isSingle xss) (head (head xss)) (sum (zipWith2 (*) (zipWith2 (*)
(map3 (\xs -> head xs) xss) (take ones_pn (length xss))) (map3 self (submatvec xss)))));

let m1 = ((1:2:3:4:5:[1):(2:3:4:5:6:[1):(3:4:5:6:7:[]):(4:5:6:7:8:[1):(5:6:7:8:9:[D:[1);

main = detmat m1

/I queens.fn

fun solve nq = length (generate nq nq);

funrec generate nq n = (== 0 n) ([]:[]) (concatMapAddOne nq (self nq (- n 1)));
funrec concatMapAddOne nq xs = xs [] (\a -> \b -> ++ (addOne nq a) (self nq b) );
fun addOne nq xs = filterOk (mapCons xs (upto 1 nq));

funrec filterOk xs = xs [] (\a ->\b -> (ok a) (a : self b) (self b));

funrec mapCons xs ys =ys [] (\a->\b > (a: xs) : (selfxs b)) );

fun ok xs = xs true (\a ->\b ->safealb);

funrec safe x d ys =ys true (\a > \b -> and (and (and (not(==x a)) (not(==x (+ a d)))) (not(==x (-
a d)))) (self x (+d 1) b));

fun upto n m = FIX (\ana ->\a > (<ma) [] (a : (ana (+ 1 a)))) n;

main = put (solve 8) true
// rsa.fn
fun upto n m = FIX (\ana ->\a > (<ma) [] (a : (ana (+ 1 a)))) n;

funrec xfilter x xs =xs [] (\h >\t > (== 0 (% h x)) (self x t) (h : (self x t)));
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funrec sieve xs = xs [] (\h >\t -> (h : (self (xfilter h t))));

fun totient prl pr2 =* (prl - 1) (pr2 - 1);

fun myE tot = head (filter3 (\n -> (== 1 (gcd n tot))) (range 2 (tot - 1)));
fun myD e n phi = head (filter3 (\d -> (== 1 (% (* e d) phi))) (range 1 n));

fun rsa_encode n e numbers = map3 (\nm -> (% (pow nm e) n)) numbers;

// fun rsa_decode d n ciphers = map3 (\c -> % (pow c d) n) ciphers;

let primes = take (sieve (from 2)) 90;
let str = "abcd efg 1234567 hijk Imn";

let p1 = last primes;
let p2 = (last (init primes));
let tots = totient p1 p2;

let E = myE tots;

let N=*pl p2;

let rsa_encoded = rsa_encode N E str;

// let D =myD E N tots;

//' let rsa_decoded = rsa_decode D N rsa_encoded;

main = printlist rsa_encoded

// main = printl rsa_decoded

// detmat.hs
sPermutations :: [a] -> [([a], Int)]

sPermutations = flip zip (cycle [1, -1]) . foldl aux [[]]

where
aux items x = do
(f, item) <- zip (cycle [reverse, id]) items
f (insertEv x item)
insertEv x [] = [[x]]

insertEv x 1@(y:ys) = (x : 1) : ((y ;) <$>) (insertEv x ys)

elemPos :: [[a]] > Int -> Int->a

elemPos msij=(ms!!i)!!]

prod

22 Num a

=> ([[a]] -> Int -> Int -> a) -> [[a]] -> [Int] ->a
prod f ms = product . zipWith (f ms) [0 ..]
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sDeterminant
::Numa

=> ([[a]] -> Int -> Int -> a) -> [[a]] -> [([Int], Int)] -> a
sDeterminant f ms = sum . fmap (\(is, s) -> fromlIntegral s * prod f ms is)

determinant
;> Num a
=>[[a]] > a
determinant ms =

sDeterminant elemPos ms . sPermutations $ [0 .. pred . length $ ms]

permanent
;> Num a
=>[[a]] ->a
permanent ms =

sum . fmap (prod elemPos ms . fst) . sPermutations $ [0 .. pred . length $ ms]

-- TEST
result
2 (Num a, Show a)
=> [[a]] -> String

result ms = unlines [ show (determinant ms)]

main :: 10 ()
main = (putStrLn . result) [[1, 2, 3, 4, 5], [2, 3,4, 5,6],[3,4,5,6,7],[4,5,6,7,8],[5,6,7,8,9]]

/I queens.hs

--module Main(main) where

main = print (solve 8)

solve :: Int -> Int
solve nq = length (generate nq nq)

generate :: Int -> Int -> [[Int]]
generate nq 0 = [[]]
generate nq n = concatMap (add_one nq) (generate nq (n-1))

add_one :: Int -> [Int] -> [[Int]]
add_one nq xs = filter ok (map (:xs) (upto 1 nq))

ok :: [Int] -> Bool
ok [] =True
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ok (x:xs) = safe x 1 xs

safe :: Int -> Int -> [Int] -> Bool
safe x d [] = True
safe x d (yiys) = (x /=y) && (x /= y+d) && (x /= y-d) && safe x (d+1) ys

upto :: Int -> Int -> [Int]
upto m n = if m > n then
(]
else
m : upto (m+1) n

// rsa.hs
module RSAMaker where
import Data.Char ( chr)

encode :: String -> [Integer]
encode s = map (tolnteger . fromEnum ) s

rsa_encode :: Integer -> Integer -> [Integer] -> [Integer]

rsa_encode n e numbers = map (\num -> mod ( num " e ) n ) numbers

divisors :: Integer -> [Integer]

divisorsn=[m |m<-[l.n] ,modnm==0]

isPrime :: Integer -> Bool

isPrime n = divisors n == [1,n]

totient :: Integer -> Integer -> Integer
totient primel prime2 = (primel - 1 ) * (prime2 - 1)

myE :: Integer -> Integer
myE tot =head [n|n<-[2..tot- 1], gcd n tot == 1]

main = do
let primes = take 90 $ filter isPrime [2..]
pl = last primes
p2 = last § init primes
tot = totient pl p2
e = myE tot
n =pl *p2

rsa_encoded = rsa_encode n e $ encode "abcd efg 1234567 hijk Imn"
encrypted = concatMap show rsa_encoded
putStrLn ("Encrypted: " ++ encrypted )
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BENCHMARK PROGRAM DESIGN
OF BLACKBIRD CPU

The mainstream architecture of modern computers is the von Neumann architecture. The stored
programs in this architecture are mainly instructions that are sequentially executed by the processing
unit. The architecture has different levels of storage areas, including registers (program counters,
instruction registers, register files), cache areas, and main memory. At first, the work efficiency of
the imperative architecture was not high. The introduction of the pipeline improved its work
efficiency by implementing instruction-level parallelism. The introduction of out-of-order execution
technology and speculative execution technology further improved the execution efficiency of the
pipeline. To support this feature, the compiler needs to be extended to generate code that can be
executed out of order and implement branch prediction. This increase in performance is
accompanied by increasingly complex software and microarchitecture. Imperative programming
languages require programs to be executed in order, because the order of execution will affect the
state of variables and storage space. Therefore, when executing out-of-order instructions, the
processor needs to track the original execution order of the operation to ensure that the state of the
program is the same as the state of the program in the sequential execution machine. State is very
important during speculative execution, especially when the computer must retreat to the original
state and discard the result of the out-of-order operation when the program goes to a branch that
violates the prediction. However, the cache area in the mainstream architecture is not within the
operating range of returning to this state, so it brings security risks to the computer, such as side
channel attacks. The disadvantages of modern computer architecture can be summarized as: (a) The
architecture is too complicated, and a large number of storage units are mainly used to store copies
of data required for speculative execution; (b) Even if the C language is still the main world today
One of the languages used, the architecture and the C language no longer form a mapping
relationship; (c) malicious agents can easily use instructions to access and modify the state, and thus
directly control the computer execution process.

Compared to instructive programming, functional programming has its merits in terms of
development. On the one hand, the features of functional programming such as statelessness, no
side effects, store-and-use and delete, and lazy call of actual parameters provide a theoretical basis
for its development in security (in contrast, out-of-order execution The imperative architecture does
not respond well to some modern security issues, such as side-channel attacks); on the other hand,
the advantages of functional programming in concurrent parallel programming have paid attention
to its development potential in large-scale parallel applications. New functional languages (such as
Sun's Fortress and Microsoft's F#) have been developed in succession. In addition, functional
programs are more concise and efficient than imperative programs; the development of functional
hardware architecture will also promote the further development of functional programming
languages.

On the premise of ensuring the advantages and programmability of storing programs for
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calculation, a stateless processor Blackbird CPU designed based on the functional programming

concept was proposed exploratively. It mainly avoids the security problems in modern computers
by restricting the state, such as data leakage and side channel attacks. Blackbird CPU is a processor
designed based on the concept of functional programming. It has a combinator set architecture called
fun, an RTL model of a functional processor, and a compiler that supports the functional
programming language Wu. Wu is a low-abstraction level, strict, functional system programming
language designed for this architecture.

Since the functional programming language Wu is a newly developed functional programming
language, there is no benchmark test program written in it. In order to comprehensively evaluate the
running performance of the Blackbird CPU, the main content of this subject is to write the
corresponding benchmark Test set and make corresponding test analysis.

This subject conducts a comprehensive evaluation of the Blackbird CPU, that is, to define and
design a set of suitable benchmark programs for the architecture of the Blackbird processor and fun
combinator set architecture. The final design benchmark programs include basic kernel programs,
toy programs and real applications. In addition, a variety of optimization methods are used in the
process of writing benchmark programs, including the optimization of the selection of the
combinator set, the optimization of the writing method using the definition of the data structure, and
the optimization of the writing method using the morphism principle. Metrics used to evaluate
computing performance include the reductions counts, the total cycles, and the allocated cells in the
program. The benchmark programs design and testing environment of the hardware structure is
Ubuntu. The results show that several optimization methods are used to reduce the computational
load of different programs to different degrees. Among them, the most obvious optimization effect
is the program written by combining the optimized subsets and using the morphism principle.
Finally, the subject compares the performance differences between GRIN compiler and GHC in
running functional programs, and draws the conclusion that the former has more advantages.

The main work of this article includes: Systematic description of the features of the functional
programming language, the basic definition of combinators, and the basic implementation principles
of the graphical protocol compiler; Introduction to combinatorial merger theory and morphism
theory in optimization; Introduction to the functional programming language Wu and a brief
introduction to the combined subset architecture fun; Design of benchmark programs suite,
including basic kernel function, small function, real application; Results of benchmark programs
testing and corresponding analysis.

Because the design of different types of programs using different morphisms requires a certain
mathematical foundation, only the optimization of test programs using catamorphism is completed.
Most test programs still use the method of writing data structure definitions and still have room for
optimization. In addition to this, the operational performance advantages of this functional
computing architecture for large parallel programs such as neural networks have yet to be verified
in experiments. The module for file import and floating point processing in the architecture also
needs to be improved.
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