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Exo 2: Growing a scheduling language, lkarashi et al., ASPLOS 2025
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Source Code

Lexical Analysis

L

YNt Analysis divide_dim(avx, "C_reg:_", 1, 8)
repeat(divide_loop)(avx, "for il in _: _ "i2", "i3"], perfect=True)
] simplify(avx)
Semantic Analysis
Symbol Table | l ‘ Error Handling
Intermediate Code set_memory(avx, "C_reg:_", AVX2)
L Generation e replace_all(avx, mm256_loadu_ps)
] replace_all(avx, mm256_storeu_ps)
Code Optimization simplify(avx)
1
Code Generation
!

Machine Language Code
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dinstr("{dst_data} = _mm256_cvtps_pd(_mm256_extractf128_ps({src_data}, 0));")
def avx2_convert_f32 lower_to_f64(dst: [f64][4] @ AVX2, src: [f32]1[8] @ AVX2):
assert stride(dst, 0) 1
assert stride(src, 0) 1

for i in seq(@, 4):
dst[i] = src[i]
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dinstr("{dst_data} = _mm256_cvtps_pd(_mm256_extractf128_ps({src_data}, 0));")
def avx2_convert_f32 lower_to_f64(dst: [f64][4] @ AVX2, src: [f32]1[8] @ AVX2):
assert stride(dst, 0) 1
assert stride(src, 0) 1

for i in seq(@, 4):
dst[i] = src[i]
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Loop fusion & fission. Another basic loop transforma-
tion is to fuse two loops together, or in reverse to fission
one loop in two. When can we rewrite for x do s;;s; into

Loop reordering. One of the most basic non-trivial loop (for x do s1); for x do s2? This is possible when the loop
transformations is loop-reordering. When can we rewrite bound commutes with the first statement, and when the
for x do for y do }i int(;lfolr y do for x do s? This tr?’}lff;’lr' statements that get reordered commute with each other.
mation is valid when t e loop bounds commute with the Letting a, be the effect of the loop bounds, a; = Eff [s1],
body, and when any loop iterations that are moved past each , , , , .

sy = [x — x']s; and a; = Eff [[32]] we can state fission

other commute. To formulate these conditions, let a, be the
effect of the x-loop’s bound-expressions and a,, similarly for
the y-loop. Let x”, y” be copies of these iteration variables s.t. (Vx. MBd(x) = Commutes(ay,a;)) A

s' =[x = x'][y — y']s. Let a = Eff [s] and a’ = Eff [s']. (Vx,x’. M(Bd(x,x") Ax’ < x) = Commutes(a;, a}))
Then the reordering condition may be precisely stated as

conditions precisely as

Loop removal. In order for the rewrite for x dos ~» s

Vx,y. MBd(x, = Commutes((ax;ay),a . .
(vxy (x.9) ((ax;ay), @) ) to be safe, the variable x must not be free in s, s must be

A Vx,y,x,y’. M(Bd(x,y, x", y') Ax <x'" Ay’ <y)

— Commutes(a,a’) idempotent, and the loop must run for at least one iteration.

If a = Eff [s], then these conditions are precisely
(3x. DBd(x)) A Shadows(a, a)

Exocompilation for productive programming of hardware accelerators, lkarashi et al., PLDI 2022
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accC AccumUlatlon __maybe_unused ghash_blocks_generic(struct polyval_elem *acc,

const struct polyval_elem *key,

key . @EIE% #'_ const u8 *data, nblocks)

) Hﬁ%mﬁJ#_@-ﬂ{%t L/ i {acc—>10 =
—CIEﬁtF L/—CEL\ cpu_to_le64(get_unaligned_be64((__be64 *)(data + 8)));

acc->hi "= cpu_to_le64(get_unaligned_be64((__be64 *)data));

data *ﬁgﬁﬂ% polyval_mul_generic(acc, key);

data += GHASH_BLOCK_SIZE;

} while (--nblocks);

acc; = (acc;_1 @ data;) - key
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acc; = (acci_; @ data;) - key.

« EEGF128&L LD BRRIA (Galois Field) LDER
acc; = (acc;_q1 + data;) - key. (GF128)

- BRARLDOEER :
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mod x*128 + x*127 +x*126 +x*121 + 1
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mod x* 128 + X" 127 + X126 + X121 + 1
c PR EBERZIAT

« FRIERMEIX AT AV shift & xorfk
VIE —G —CS % é - £;0A<:c;33> 1§c? 20633 z>(f°<22 fi’%;

c2 "= (c1 << 63) " (c1 << 62) ™ (cl1 << 57);
c3 "=c1 " (c1 > 1) " (c1 >> 2) ™ (c1 >> 7);

a->lo = cpu_to_le64(c2);
a->hi = cpu_to_le64(c3);




¢ u64 clmul32(u32 a, u32 b)
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0x11111111;
0x22222222;
Oxb4hbhbhL;
° GF(Z) t 0) 9 IE ﬁ%ﬁ 3 0x88888888;
- s 3 0x11111111;
0x22222222;
Oxb4hbbbbbb;
0x88888888;
u64 c0 = (a@ * (u64)bo) ~ (al * (u64)b3)
_t’ (a2 * (ub4)b2) ~ (a3 * (ub4)bl);
[} IE I % 5'] ub4 c1 = (a@ * (u64)bl) ™ (al * (u64)bo)
(a2 * (u64)b3) ™ (a3 * (ub4)b2);
ub4 c2 = (a@ * (u64)b2) ~ (al * (u64)bl)
2 2 (a2 * (u64)b0) " (a3 * (u64)b3);
Py (x _I_ 1)(x _I_ 1) —_ x _|_ x _I_ x _I_ 1 —_ x _I_ 1 U6k c3 = (a@ * (u64)b3) ~ (al * (u64)b2)
(a2 * (ub4)bl) ™ (a3 * (u64)bo);
urn (c0 & 0x1111111111111111) *
(c1 & 0x2222222222222222) *
(c2 & Ox4bbbbbbbbbbbbhbtl) ™
I (c3 & 0x8888888888888888);
e X yvl)—L X

clmul64(u64 a, ub4 b, ubs *out_lo, ub4 *out_hi)

2 a_lo (u32)a;
a_hi a > 32;
b_lo = (u32)b;
b_hi b >> 32;

ub4 lo clmul32(a_lo, b_lo);
ub4 hi clmul32(a_hi, b_hi);
ub4 mi clmul32(a_lo ® a_hi, b_lo " b_hi) * 1o " hi;

*out_lo lo * (mi << 32);
*out_hi hi * (mi >> 32);
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bxo)ff\i%é %)T’&)‘“‘ %ﬂ&?&ﬂ c0 = (a0 * (u64)bo) "~ (al * (u64)b3)
ﬁfF L/—Cn-l_ﬁé >, —C L\%) (a2 * (u64)b2) " (a3 * (ub4)bl);

cl = (a@ * (u6b4)b1l) ™ (a1l * (u64)bo)

a & 0x11111111;
a & 0x22222222;
a & Ox44444444;
a & 0x88888888;

b & 0x11111111;
b & 0x22222222;
b & Ox44bb4b4444;
b & 0x88888888;

* 3 X 2 b : The value 8 fits in 4 bits, ez w Cuogpa) (a3 w (oam)s
so the carries don't overflow into the (a2 » (u64)b0) " (a3 * (u64)b3);
c3 = (a0 * (ub4)b3) (a1 * (u6b4)b2)
next term. (a2 * (u64)b1) " (a3 * (u64)b0);

(apx® + asx* + agx® + a;,x% + a,6x1% + a0x2° + ay4x%* + a,5x28)2

c RS E LS8
e BIZmod 29 NIER LY
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e ExoZdET B
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e and, xor
* shift
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* 0 < shift < 64

* Bound check
s X[i<<64|DEF, BEHNT VX BHEHM

« SMTZTEZE L T=



ExolZ & [T APCLMULQDQZEEE

c I KIT, o

*Exold TR 22— 2T BENI—FEFMEELRT S

« Bl Z [LshiftiEEZfor/ll—TDKICBEI SN HBF, EHEMZE
2 RIEET HH

cEHMEOI—FOEEEZRIET H1=-HIC. LEDKREZE

/—~

JREIIZEIT D




ExolZ & [T APCLMULQDQZEEE

mm_loadu_sil28(acc_reg, acc)
mm_loadl_epi64(gfpoly_reg, gfpoly)

N — —
® u @ [ “ ) z -~ EXO l for chunk in seq(@, nblocks / 8):
mm_setzero_ 2
|—.—| Ab mm_setzero_si128(mi)
PCLMULQDQZ 3 IH9 A8EN] P mSetrere s128(hD)
B 03
— for j in seq(0, 8):
— f‘ — mm_loadu_sil28(a, powers[j, 0:2])
j — & , -~ mm_loadl_epi64(a_xored, powers_xored[j : j + 1])
mm_loadu_si128(tmp, data[8 * chunk + j, 0:2])
mm_bswap128_si128(b, tmp)

« PCLMULQDQY ) — X Z &

mm_clmulepi64_si128_o@(tmp, a, b)
mm_xor_sil28_inplace(lo, tmp)

mm_swap64_si128(b_xored, b)
1128_inplace(b_xored, b)

e GHASHEE Z7t >N & SIZELE S

mm_clmulepi64_sil28_00(tmp, a_xored, b_xored)

l '\\ R = _x _inplace(mi, tmp)
d l b A ) L @ ﬁ EE > si128_inplace(mi, lo)

cor_si128_inplace(mi, hi)

% z )b_ ’ » IN inplace(mi, swapped)
J xor_sil28_inplace(mi, tmp)

mm_swap64_sil28(swapped, mi)

gf1 28hash.c 0.73—0.75 GB/S mm_clmulepi64_sil28_00(tmp, gfpoly_reg, mi)

r_si128(acc_reg, hi, swapped)
i128_inplace(acc_reg, tmp)

Exo-pclmulgdq 16.3-17.1GB/s

mm_storeu_sil28(acc, acc_reg)
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c BREENR - RIL—Tv b GRE)
« Compiling Configuration (Kconfig) ZiHE 3 2L ENH D
« CTREGHASHRAD/N— KDz F7T7o S L—avEtvyo
c RUFI—DVE—FZF Y
* Crypto AESEZE VA —JLIZER (RUFI—ID=HIZA—HZE
MICRZS5L2IZT5H)
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« Ex0's "user-extensibility" is limited by the set of APIs we
chose to expose to users ... where those aren't enough

* |'ve also experienced some frustration where Exo's
abstraction was "too high.” ... | think the fundamental
iIssue is that we just need a lower-level abstraction for
some cases ... the lower the language, the more difficult
the safety analysis gets, so that's a tradeoff
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