Metasketches

James Bornholt
bornholt@cs.washington.edu


http://courses.cs.washington.edu/courses/cse507/17wi/index.html

Today

Last lecture
* Program synthesis

* Solver-aided languages

Today
* Metasketches: building effective synthesis-aided tools

* MemSynth: an example of a metasketch-based tool

Reminders
* Course feedback form is open
* Project presentations on Friday

* Project reports and prototypes due Friday at | [:00pm



Metasketches

James Bornholt, Emina Torlak, Luis Ceze, and Dan Grossman.
Optimizing Synthesis with Metasketches. POPL 2016.
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A framework that makes

Metasketches search strategy and optimality
part of the problem definition
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Metasketches express structure and strategy

|. Search order is critical
2. Desire optimal solutions

A metasketch contains:
|. structured candidate space (&, <)
2. cost function (K)

3. gradient function (g)
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Metasketches express structure and strategy

|. structured candidate space (&, <)

« a countable set & of sketches

- atotalorder<on &

A fragmentation of the candidate
space, and an ordering on those

fragments.

2. cost function (K)

Implemented as a
generator that returns the
next sketch in the space

3. gradient function (g)

& = set of all SSA programs

def f(x): S
rl = ??op(??{x})
return ril

def f(x): S,

rl = ??op(??{x})
r2 = ??op(??{x,rl})
return r2

def f(x): Ss3
rl ??op(??{x})
r2 ??op(??{x,l‘l})
r3 ??op(??{x,rl,FZ})
return r3
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Metasketches express structure and strategy

|. structured candidate space (&, <)

a countable set & of sketches

atotal order<on &

[S3]

Semantics

2. cost function (K)

3. gradient function (g)

Semantic
redundancy in the
search space.

Structure constraints
eliminate some overlap
between sketches

& = set of all SSA programs

N

/R

[

S3 \

I

S3  (SSA programs of length 3)

def f(x):

= ??op(??{x})
2 = ??op(??{x,rl})
rs = ??op(??{x,r1,r2})
return rs



Metasketches express structure and strategy

|. structured candidate space (&, <)

a countable set & of sketches & = set of all SSA programs

a total order < on &  Semantic m
redundancy in the
search space. / S2 \

— / 53 x
Structure constraints
eliminate some overlap S4

[55] between sketches S3  (SSA programs of length 3)
Eliminate dead-code def f(x):
redundancy: assert that ‘ ri = ?2?20p(?2?2¢3)
Semantics  eachriis read r2 = ?20p(?7¢x,r1})
rs = ??0p(??{x,r1,r2})
return rs
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|. structured candidate space (&, <)
: & = set of all SSA programs
2. cost function (K) Pros

S|
K :g e /s\
assigns a numeric cost to each / 2 \

program in the language & / S<3 X

<
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Cost functions rank candidate programs

|. structured candidate space (&, <)

2. cost function (K)

K:Z - R
assigns a numeric cost to each
program in the language &

Cost functions can be based
on both syntax and semantics
(dynamic behavior)

3. gradient function (g)

& = set of all SSA programs

m
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Cost functions rank candidate programs

|. structured candidate space (&, <)
& = set of all SSA programs

i N

2. cost function (K)

K: L — :
R [ 52
[ ] [} u\
assigns a numeric cost to each / = X
| =

program in the language &

Cost functions can be based
on both syntax and semantics
(dynamic behavior)

K(P) =i forPeSesS

The number of variables
defined in P

3. gradient function (g)
20
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Gradient functions provide cost structure

|. structured candidate space (&, <)

& = set of all SSA programs
2. cost function (K) prog

3. gradient function (g)

g:R — 28
g(c) is the set of sketches in & that

may contain a solution P with K(P) < ¢

The gradient function - Always sound for g to
overapproximates the return all of & if a tighter K(P) =i forPecSecdS

behavior of K on & bound is unavailable. .
glc)={Sies|i<c}

g(c) always being finite is
sufficient (not necessary)
to guarantee termination.
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2. cost function (K)

3. gradient function (g)
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Coordinates the search
for an optimal solution,

Global search offloading work to
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*
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Local Local Local
search search e search

An incremental form of
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new information from the
global search
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(&8, 5, K, 8

Global search

Prune global search
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Solving with two cooperative searches

(&8, 5,K 8

Continues until all
search spaces
exhausted, yielding

~an optimal solution.

Global search

Prune global search
space using g(k(P))

K(P Y|<(P) K(P)
Local Local Local
search search search

Prune local search
-spaces using K(P)
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Synapse implementation

(&, 5,K 8

Implemented in Rosette, a
solver-aided extension of
Racket

Global search

Local CEGIS searches can
share counterexamples

Local Local Local Local searches can time out,
search search " search which weakens optimality
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Synapse solves previously-intractable problems

Parrot benchmarks from approximate computing [Esmaelizadeh et al., 2012]

Find the most efficient approximate program within an error bound

Parrot
10000 = ~ Allintractable to
Sketch and Stoke
1000 -
100 -

def inversek2j(float x, float y):
th2 = acos(((x*x) + (yxy) - 0.5) / 0.5)
thl = asin((y * (0.5 + 0.5%cos(th2)) -
0.5%xxsin(th2)) / (xxx + yxy))

Solving time (secs)

return thl

IO“IIIIII

in

o
|

N
Y
0]
(%]
[ S8
o
>
£

fft—cos
fft—s
-
)
kmeans
sobel—x
sobel—y

inversek?2
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Synapse solves standard benchmarks optimally

Array Search benchmarks from the syntax-guided synthesis (SyGuS)
competition [Alur et al., 2015]

arraysearch-n: find program that searches lists of length n

Array Search

10000 -

1000 -

100 -
IO-IIIIIII

Solving time (secs)

T T I T YT T T === 2 22
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= e = = = =
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s ¢ 2 8 ¢ 2 %8 %8 5 5 § § § 3
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Synapse solves standard benchmarks optimally

Array Search benchmarks from the syntax-guided synthesis (SyGuS)
competition [Alur et al., 2015]

arraysearch-n: find program that searches lists of length n

Array Search

10000 -
1000 - Synapse: 349 bytes
o SyGuS: 7.1 MB

Solving time (secs)

IO-IIIIII

T T I T YT T T === 2 22
$§ % 8 8 % 8 08 £ L L L L |
= e = = = =
o o o o o ~ o o
[} (3] « [} (3] « 3] (] g 8 g g 8 g
s ¢ 2 8 ¢ 2 %8 %8 5 5 § § § 3
v ] « « [ « « o] >N >~ > >~ >N >N
S £ £ £ &£ &£ &£ ¢ @& & & & & ¢
< (o] < < (\] (] [y] < [ [ [ [ [ (-
(4] « < (o] « <
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Is this a cat?
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Synapse reasons about complex costs
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Synapse reasons about complex costs

Classification error executes the
K(P) = Z |P(x;) — y;| - program for each point in the
0 training set

29



Metasketches express structure and strategy

A metasketch contains:

| structured candidate space (&, <) 4

2. cost function (K)

3. gradient function (g)

James Bornholt, Emina Torlak, Luis Ceze, and Dan Grossman.

Optimizing Synthesis with Metasketches. POPL 2016.
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MemSynth

James Bornholt and Emina Torlak.
Synthesizing Memory Models from Framework Sketches and Litmus Tests. PLDI 2017.

31



A memory model defines the reordering
behaviors of a multiprocessor

Initially X =Y =0

Thread | Thread 2

X =1 Y =1
print Y print X

Can this program print two zeroes!
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A memory model defines the reordering
behaviors of a multiprocessor

Initially X =Y = 0
Thread | Thread 2
Y =1
print X

X =1
print Y

Can this program print two zeroes!
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Example 8-3. Loads May be Reordered with Older Stores
Processor 0 Processor 1
mov [ _x], 1 mov [ _y]. 1
mov rl, [ _y] mov re, [ _x]
Initiclly x=y=0
ri=0andr2 =0is allowed
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x86-TSO: A Rigorous and
Usable Programmer’s Model
for x86 Multiprocessors

By Peter Severl], Swsmit Sarkar, Soot: Ouvns, Frumeesvo Zaops Nard=1, and Magms O Mynan

Abstract

Exgloiting the mallpocessces that buve secently becorae
abiquitous requises high-pertermance and seliabie coneur-
rent avstama code, For concuarrent data strocturcs, eperating
oo kermeks, syodiuricsciue libsuries, compilers, and
# om, Howerer, cencurnent programening, wirich is alnays
chalkenging, is made pauch more so by two prokloms, First,
real mmltiprecessons yplea’ly do not provide the sequer-
dally consistent memcery that & assumed by most work
o seonantics and vedlication, Instead, they bawe relaned
memory modsis, varing n subdle ways brtween proces
»tMMIaMMMnMwM
cmily hiwmely consistenl views of o slamd menery b
the public wador archizectures, supposedyy specifying what
programmcrs car 7¢ly on, arc ofier in ambiguous infarmal
proee (& particularly poor madinm o laace spesficationg),
leading 1o widespread cor fusion.

[ Uss puper we fucus vn 288 processurs, e rovicn sy
eral recent [nted and AMD specitications, shyoniag that all
contain scrious ambigeitics, somc arc argukly too weak ta
program ahowe and some are simply unsounsd with respect
0 notual hardware. We present o new z26-750
mode! that, ta the best of oar knowledge, suffers fiom none
of thess probleras. It is macherratically precise (mgoreusly
mum-umummm

Biccls sbowle] be widely sccesdble (o worki g preoe
gramamers. We illustrate bow thie can b used fo0 reaion
about the correctness of a Line spialech ‘mplementation
and deseribe & geners) theory of dare-roe freedam for aae-
150.This should put <36 multiprocessor systemn buidirg on
a more selid foundation; it shoeld also previde a basks for
futuse work on ventication of such systeoas.

L INTROOUCTION

Mutiproccasor machinss, with many proccasoss actingon a
Iared menary e wencew lonaasines the 19503 heyare
v wbiguitous. Mearwnile, the diffiouty of programming
concurrent systems has mochvated ecatensive seszarch on
rorumming language desigr, semantics, anc venficabier,
from semapkores and maniors w peogram logics, software
monde! chexong, and so forth. This wore has almess alwsys
assanred that concarrent theeacs thare a sinye sequanially
consistent memony,” with their raads ard writes imterloaved
‘n some noder. In facr, however, resll mubipmesssors ok
2ophisticated teckniques ic sehoeve high derformanse: sicre
auffers, hicrarchics of Jocal cache, sooculative sticr.,

ete. These cptimizations are rot ohservable oy sequencial
code, bus i nwltikhresded progranss &Yerent threeds may
see subcly ditiersat views cf memory; such machines exhiba:
refazed, ot woas, memory raoxdela W

A o sinpk cuunple, coosider te following assembly
language oy (SR For moder [nwl or AMD <35 reul-
tiprocesscrs given two distinet memoary locadans < and ¥
Onidaly wwlding 7), foso precessers resaectbrly woke 1 0 =
endyend thenrsad from yand x (inta register EAX on preces
sor Qand EDX cn processor 1) it is possible for boch w read
U tn ae same executicn. 12 5 easy 1o >asck that this mesult cans
not a: from any interlews ng of tas reads and writes of he
v paneeesaancs; s e 388 nad e ocesaoes do me oo a0
fequentially consictent samaniics.
5D

rae il el

MOV 5] 1 MOY (3141
MOV EAX. [/] Moy £ (]

Aot F el Siste: Bear DEATAN A Proe * R

Mic vamdiitechually, ooe oo view thia gostioolar exoopde
45 avigble conseqazace of tcew dalfering: f sach preces-
sor cffcetively 288 @ FIPO buffer of pending memcry writes
(o avoid the need ta hlack while 8 weire complees), then the
rencs from y and > eoulc oorus before the writer have propa-
geted from the buff=s to maie memcry.

Other fomihes of multiprocessoes, datirg bock ot leas:
to the IDM 370, and including ARM, Raqiwm, POWZR, and
Spal, alse exhibin mlsved-memary Pelsdar Motrever,
there are rojor and subtle differences Datween differem pro-
cessor families ‘erisig fom their diffesent imemal design
cholces i 1n the details of exactly what roa-sejuenticliy-con-
shatent exceutions they permiy, and of what memsery barrizs
snd syl i insodtions Cisy paowvide o bt e por
graranser regzin contral.

lor any of these arocessers, scdaxcd memony bchavior
excernares 1 dNoaliieg of wiiting sonsument 2ofivsme,
4 gEetems programmers oaanke reason, ot the level of
ebstraction of memary reads anc writes in terms of an intui-
trve 200000t OF gloda. tinee.

This poaper 1s based on work that fint sppearec in the
Proceedings of ke 36tk SICPLAN-SICACT Symposivm on
Praexiples of Progiommaey Lareeages (FOPLL 2009, sud
i the Frocead ngs of the 22ad Iaterrational Covyferance on
Tazorert Proving in Licgaes CrderLogica (TPILS), 2009,
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for x86 Multiprocessors

By Peter Sevell, Susmic Sarkar, Soot: Owvns, Frumeesco Zaops Nard=1), and Magms O Myn=n

Abstraoct
Exgloiting the malépocessces that hune secertly becorae
abiquitous requises high-pertermance and seliabie coneur-

chalknging, is made pwuch more so by two probloms, Firse,
real mmltiprecessoms ypleatly do not provide the sequer-
dally consistent memncery that & assumed by most work
on sconantics and verdfication. [nstead, they bawe relaved

mory modsis, vanng n subdle ways brtween proces-
armlnM&ummMmm
cmily hmmely consistent views of sl
the public e dor archizectirvs, cupposed’y specifying what
programmcrs can r¢ly on, arc ofice in ambiguous infarneal
proee (& particularly poor madinm o laace spesficationg),
leading ‘0 widespread cor fusion.

[ Uss puper we foces vn 286 processurs, e revicw v
seal recent [ncel and AMD spocifications, shoning that all
contain scrious ambiguitics, soosc arc arguakly too weak ta
program ahowe and some are simply unsounsd with respect
0 notual hardware. We present o new z26-750
mode! that, to the best of oar knowledge, suffers from none
of these problemas. [ is machenstically precise | migoreusly
Whmnnmummw

Biccls sbowle] be widely ibile o worbdig proe
gramamers. We illustrate bow thie can b used fo0 reaion
about the correctness of a Line spialeck ‘mplecmentation
and deseribe & geners) theory of dare-roe freedam for s e-
150.This should put <36 multiprocessor systemn buidirg on
a more selid foundation; it shoeld also previde a basks for
futuse work on ventication of such systems.

L INTROOUCTION

Mu'tiproecssor machincs, with many proccasoss actingon a
nared memary e wencew lonaasinee the 19803 heyare
v wbiguitous, Mearwaile, the diffiouty of programming
concurrent systems has mocivaled ecatensive sescarch on
mogumming language desigr, semantics, anc venficaticr,
from semapkores and maniors w peogram logics, software
monde! chexong, and so forth. This wore has almess alwsys
assaned that concarrent theescs thare a siny ¢ sequenally
consistert msmony,” with their reads ard writes intarloaved
‘n some neder. In facr, however, resl mubipmesssors use
2ophisticated leckniques ic sehoeve high, derfarmanse: sicre
auffers, hicrarchics of Joaal cache, soculetive caxuticr,

ete. These cptimizations are rot ohservable oy sequencial
code, bus i nwltikhresded progranss &Yerent threeds may
see subly ditfersat vews cf memory; such machines exhibal
refazed, or woas, memory radelat W

A o sinpk cuunple, coosider tee following assembly
language xoram [SR) For modern Inwl or AMD €35 reul-
tiprocesacrs given two distinet memory locadars < and ¥
(nidaly wlding 7), ifeso precessers resosctbely woike 1 0 2
endyend thenraad from yand z(intoregister EAX on preces-
sor Qand EDX cn processor 1) it is possible for boch w read
U tatae ceme execut.cn. 17 5 eagy 1o 2asckthat this mesult can-
neot ar: from any interlews ng of tas reads and writes o the

e paneeesanncs; aecenn 3384 ned geoceaoes do me Faae a

fequentially consiclent samaniics,
SD
ra il el
MOV [s]- 1 MOV (4111
MOV SN /] MOV EXC (4]

Aot Freal Siptes Bear DHEATN A Proe " ERTAD

Mic vamdiitechaally, tne o view Hhia goetioolar exonpde
45 avieble conseqarnoy of 2tcew dalfering: f sach preces-
scr cffcetively aas @ PP buffer of pending memcry writcs
(rogvoid the need ta black while 8 weire complees), then the
rencs fromy and » eonlc oorus before :hewrit« have propa-
geted from the buff=s to maie memcry.

Other fomihes of multiprocessoes, datirg bock ot leas:
to the IDM 370, and incleding ARM, Rasiwm, POWZR, and
SPal, alse exhiibin relsved-memary belsdar Motraver,
there are rojor and subtle differences Datween differem pro-
cessor families ‘erisig fom their diffesent imemal design
cholces | 1n the details of exactly what ros-sejuenticliv-con-
shatent exceutions they permit, and of what memsery barrizs
snd syl koo insidtions Uiy pavide o et he por
graranser regzin contral.

lor any of these aroccssers, sclaxcd memon bchavior
exacernares T d coliies of wiiting consument 2oftwsme,
4 gEetems programmers oaanke reason, ot the level of
ebstraction of memary reads anc writes in texms of an intui-
trve 2on0eot of glada tinee.

This paper 1s based on werk that first sppearec in the
Proceedings of ke 36tk SICPLAN-SICACT Symposivm on
Priexiples of Progiommaey Lareuages (FOPLL 2009, sud
i the Frocead ngs of the 22ad Iaterrational Covyferance on
Tazorert Proving in Liigaer CrderLogica (TPIOLS, 2009,
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Fences in Weak Memory Models

Jade Alglave', Luc Maranget®, Susent Sarkar?, and Peter Sewdl?
Y INRIA ? University of Cambridge

Almtract. We prescst a dase uf relased sreuney nodeds, deflsed ln Coy,
parancterisec by the chasen permitied locl recrderings of reads and
writes, ard U visibility of iter- ard istra processor canmunications
through nemocy (6§ stare atomiclyy mdaxmios). We Fove resadts on
tte required behavicar and placement of memary ‘encss to restors a
gven model (mach a3 Sequential Comistncy| fran s weaker ooe Bad
o8 Lha ciuss Of oA we develop & Lo, Gy, Ihal sysmatically and
astomatically gecorncon and rum Ntmus tests > detornine pecpertion
of peocessor mphmestations. We detail the resalts of car expeciments
oa Power and the madel we base on then, This work ident Sed & rure
inplementation aroe in Pover § momeory tarriers (for wheh [BM s
providing a workarouad); our resilts also suggest that Power 6 does 20t
sulfer froes this problem.

1 Infroduction

Mos: multiproosscrs echibit sabt o relaxed-nesmory hekaviour, with weites from
cne thresd 10t immediately visible toall ethers; they do not provide sequeati
consistent (SC' memery 17]. For seme, such a8 >86 [22,20] and Pm [‘lf
the veudor dovmncntetion is in oevitably smubiguous informal peose, lvading
tn eonfusior . Thus wn hawe no faendstioa for snbwarn weifeaton of anenrrent
systems code, axd 30 target specification for sardware verification of microarchi-
tectere. To remedy this state of affains, we too & firmly empirical approadh, de-
wedupingg, ln tesades, Wating teuls aod mcdeh of muliproosso: bdiviosr—4w
Lot lts guiding model dowelopmnenst and the modelliag saguesting istermting
tests, In this paper we make fve aew cortributions:

1. Wao ‘ntmdiw a class of mamcey nodols, defined in Cog [R, which ww show
bow to instantiste to produce SC, TS0 [24], and & Power model (3 below),

2. 'We describe ous diy testing tod. Much discussion of memory models has bem
i teoins of litrus teats (ey. infw [9). ed-hiow multiprecessor programs fo
which particular firal states may 5e allowed on & given architecture. Given
vialation of SC, diy spstematically and cutonaticaly groemtes litmus tests
linchiding dassical ones such as iriw) aad rans them cn the hardwar.

3. We model mnportent specta of Power procossors’ bebaviour, e ordering
relazations, the lack of stow atomicity (3. 7], anc A-sumulatioe bariery [21).

4. 'We 1se diy to generate about S0 tests, running them up 0 lel2 times on
3 Power machines, Our expeimental results conlinm that our modd cap-
tares mnny lmporent espects o the processos's behaviows, despite being
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MemSynth:
automated reasoning for memory models

Verification

M T
Check that model M allows litmus test T
M . Synthesis
Complete a framework sketch M to be correct for all tests T
M T Equivalence
M Synthesize a test T on which two models differ
M : Ambiguity
M Determine if a model uniqueness explains a set of tests T

4]



Ocelot: bounded relational logic in Rosette

formula in

relational logic (FOL,
relations, transitive
closure)

bounds (partial
model and types)

finite
universe

translator
SAT model
solver
symmetry
breaker
core minimal
extractor unsat core
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formula in
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relations, transitive

translator
closure) I
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Memory models as relational logic

Initially X =Y =0

Thread | Thread 2

X =1 Y =1
print Y print X

Can this program print two zeroes!
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Initially X =Y =0
Thread | Thread 2

X =1 Y =1
<print><vprintb

Can this program print two zeroes!

No: there is a cycle in the happens-
before graph

44



Memory models as relational logic

Initially X =Y =0
Thread | Thread 2

X =1 Y =1
<print><vprintb

Can this program print two zeroes!

45



Memory models as relational logic

Initially X =Y =0
Thread | Thread 2

x86 allows store- A = 1 Y =1
el QAT

Can this program print two zeroes!

45
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Initially X =Y =0
Thread | Thread 2

x86 allows store- X =1 Y =1
load reordering 0 ~int ‘><p int X

Can this program print two zeroes!
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Memory models as relational logic

Initially X =Y =0
Thread | Thread 2
E| X — 1 E3 Y — 1

eprint Y  eprint X

Can this program print two zeroes!
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Memory models as relational logic

{(E1),<E3)} € Write C {<E1),{E3)}
{(E2),(E4)} € Read C {E2),E4)}

Initially X =Y =0 {<E1,1),(Ea, 1),...} C thd € {<Ei,1)(Ea, I),...}
Thread | Thread 2
EX =1 EY = 1

eprint Y  eprint X

Can this program print two zeroes!
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Memory models as relational logic

{<E,(E3)} € Write € {<E1),KE3)}
{(E2),(E4)} € Read C {E2),E4)}
Initially X =Y =0 {CE1,1),(E2,1),...} C thd C {<E1,1),<Ea, I),...)
Thread | Thread 2

Elx — 1 E3Y — 1
eprint Y  eprint X

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

Can this program print two zeroes!
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Memory models as relational logic

{<E,(E3)} € Write € {<E1),KE3)}
{(E2),(E4)} € Read C {E2),E4)}
Initially X =Y =0 {CE1,1),(E2,1),...} C thd C {<E1,1),<Ea, I),...)
Thread | Thread 2

Elx — 1 E3Y — 1
eprint Y  eprint X

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

V e e : Event |
I <] A ei.thd = Ej.thd = (e, ej> € hb

Can this program print two zeroes!
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Memory models as relational logic

Initially X =Y =0
Thread | Thread 2
EX = 1 E: Y = 1

eprint Y  eprint X

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

V e e : Event |
I <] A ei.thd = Ej.thd = (e, ej> € hb

no *hb n iden
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Memory models as relational logic

Initially X =Y =0
Thread | Thread 2
EX = 1 E: Y = 1

eprint Y  eprint X

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

Sequential consistency
V e e : Event |

I <] A ei.thd = Ej.thd = (e, ej> € hb

no *hb n iden
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Memory models as relational logic

Initially X =Y =0
Thread | Thread 2
EX = 1 E: Y = 1

eprint Y  eprint X

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

x86 (“total store order”)
V e e : Event |

i <j A ei.thd = e.thd A 7(ej € Write A ej € Read)
= <ei, e,-> € hb

no *hb n iden
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Verification M

Initially X =Y =0
Thread | Thread 2
E| X — 1 E3 Y — 1

Eprint Y E print

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

V e e : Event |
i <j A ei.thd = e.thd A 7(ej € Write A ej € Read)
= <ei, e,-> € hb

no *hb n iden
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Synthesis M

Initially X =Y =0
Thread | Thread 2
E| X — 1 E3 Y — 1

Eprint Y E print

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

V e e : Event |
i <j A eithd =ejthd A 2?
= <ei, e,-> € hb

no *hb n iden
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Synthesis M

Initially X =Y =0
Thread | Thread 2
EX = 1 E: Y = 1

Eprint Y E print

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

Holes to be filled by

relational expressions
V e e : Event |

i <j A eithd =ej.thd A 2?
= <ei, e,-> € hb

no *hb n iden

49



Synthesis M

Initially X =Y =0
Thread | Thread 2
EX = 1 E: Y = 1

Eprint Y E print

Can this program print two zeroes!

{<E1,(E3)} C Write C {<E,(E3)}
{{E2),(Ea)} C Read C {E2),(E4)}
{<E1i,1),{E2,1),...} C thd € {{E1,)XEa,I),...}

{;Q hb C {EI, E2, E3, E4} x {E|, E2, E3, E4}

Holes to be filled by
relational expressions

V e, e : Event |

i <j A eithd =ej.thd A 2?
= <ei, e,-> € hb

Spec: model gives
expected outcomes

no Ahb n iden (allowed/not) on a set
of litmus tests, from
documentation or
elsewhere
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Equivalence T

Initially X =Y =0

Thread | Thread 2
E X — 1 E; Y — 1

Eprint Y e print X

Can this program print two zeroes!

{} € Write ¢ {<E1),{E2),(E3),(Ea)}
{} ¢ Read ¢ {(E1),(E2),(E3),(Ea)}
{} € thd € {E\, E2, E3, E4q} X {I, 2}

{;Q hbi C {Ei, E2, E3, E4} x {E|, E2, E3, E4}
{} € hby € {E\, E2, E3, E4} X {E\|, E2, E3, E4}

V e, ¢ : Event |
i <j A eithd = e.thd A 7(ej € Write A ej € Read)
= <ei, e,-> c hb|

no *hb| n iden
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Equivalence T
Solve for a litmus test that
two models disagree about
{} € Write € {<E1),{E2),<E3),(E4)}
{} ¢ Read ¢ {(E1),(E2),(E3),(Ea)}
Thread | Thread 2 ..
{} € hbi < {Ei, E2, E3, E4} % {E\, E2, E3, E4}
E| X — 1 E; Y — 1

{} € hba C {E\, E2, E3, E4} x {E\, E2, E3, E4}

eprint Y  eprint X
V e, ¢ : Event |
i <j A eithd = e.thd A 7(ej € Write A ej € Read)

Can this program print two zeroes! = (ei, e € hb

no *hb| n iden
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Equivalence

Initially X =Y =0

Thread | Thread 2
£ 77 6 77
Ex 77 E. 77

Can this program print two zeroes!

Solve for a litmus test that
two models disagree about

{} ¢ Write € {<E1),(E2),(E3),(Ea)}
{} ¢ Read ¢ {(E1),{E2),(E3), Ea)}
{} € thd C {E\, E2, E3, E4} % {1, 2}

{}g hbi C {Ei, E2, E3, E4} x {E|, E2, E3, E4}
{} € hby € {E\, E2, E3, E4} X {E\|, E2, E3, E4}

V e, ¢ : Event |
i <j A eithd = e.thd A 7(ej € Write A ej € Read)
= <ei, e,-> c hb|

no *hb| n iden

51



Metasketches for memory models

Initially X =Y =0

Thread | Thread 2

677 = 27 B 27

E, 07 E. 77

?7?

Can this program print two zeroes!

{<E1),{E3)} € Write C {<E1),{E2),(E3),(Ea)}
{} € Read ¢ {{E2),(E4)}

{CE1,1),(E2,1),...} C thd C {CE1,1),(E2,1),...}

{;Q hbi C {Ei, E2, E3, E4} x {E|, E2, E3, E4}
{} € hby € {E\, E2, E3, E4} X {E\|, E2, E3, E4}

V e, ¢ : Event |
i <j A eithd = e.thd A 7(ej € Write A ej € Read)
= <ei, e,-> c hb|

no *hb| n iden
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Metasketches for memory models

Fix some parts of the litmus
test, but not all

{<E1),{E3)} € Write C {<E1),{E2),(E3),(Ea)}
{} € Read ¢ {{E2),(E4)}

Initially X =Y =0 {CE1,1),(E2,1),...} C thd C {(E1,1),(E3, 1),...}
Thread | Thread 2 .
{} € hbi < {Ei, E2, E3, E4} % {E\, E2, E3, E4}
77 = 77 & 77 = 77 {} € hby C {E1, Ea, Es, Es} X {E1, Ea, E3, E4}
E: 77 E. 77
V e, ¢ : Event |
i <j A eithd = e.thd A 7(ej € Write A ej € Read)
Can this program print two zeroes? = (ej, &) € hby

no *hb| n iden
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Metasketches for memory models

Problems solved

40 - p
30 - f
— MemSynth
20- Alloy
10 - /
O ) I I I I
I 10 100 1000

Time per problem (s)
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Metasketches for memory models

Problems solved

Slowest problem ~30x

faster than Alloy

40 - p
30 - f
— MemSynth
20- Alloy
10 -
O ) I I I I
I 10 100 1000

Time per problem (s)

53



MemSynth can synthesize real models

X
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x86-TSO: A Rigorous and
Usable Programmer’s Model
for x86 Multiprocessors

By Peter Sevenl], Swsmit Sarkar, Soot: Ouvens, Frumeesco Zaops Nards 1, urd Magrms O Myneen

Abstract

Exgloiting the malprocessces that have sexently becorae
q requises high-p and seliable concur-

rent svstama coade, for P

systan kermelks, ds il lnul

# om, Hi gy whiich i always

:hllmmu made puch mm uhmvntlrm.l‘m
eal muldpracessens ypicaly da noc proide the sevquer-
dally consistent memery that & assumed by most work
o0 sconantics and veddfication, nstead, they bawe relaned
memory modeis, vanung (n subdle ways btween proces-
wor familics, inwhich different bardware threads may have
cmily hmely canmistenl views of « slared imenery. Seamd,
he public wendor archisectures, supposed’y specifying what
programmers can rely on, arc ofice in ambiguous infarneal
proee (a particularly poor madinm fos loace gpesfications),
Jeading to widespread corfusion.

[n s puper we foous v 288 processurs, e rovicn e
eral recent [ntel and AMD spocitications, shoniag that all
contain scrious am biguitics, somc arc arguakly too weak ta
pmagram ahowe and wome are simply pnsonad wih m'-n
0 netual hard newz26-150 p
mndel Ml:nh beﬂbfmlln-hd:e.s-{ku bcu noac

h&ledin Imunbumhm hlﬂl}n Mrul
machine which sbould be widely sexesdbie (o werliing pro
gramasers. We llustrate bow this can b2 used to reason
about the correctness of a Line spialeck mplementation
and deseribe o generas) theary of dats-moe freedam for sae-
150, This thould put <36 3 buids
a more selid foundation, it shoeld also am»d: abashs | Iu
futuse work on ventication of such systeoas.

L INTROODUCTION

Multiproccasor machinss, with many proccssoss actingen &
nared memory N wencewlonaasinee the 19503 heyare
o ukiguitous. Mearwaile, the diffiouty of programming
concurrent systems has mocivated estensive sescarch o
ozumming language desigr, semantics, anc venficaticr,
from semapkores and manizors o peogram logics, software
mode! chexeng, and so forth. This wark has almess alwsys
assanred that concarrent theescs thare a simye sequanially
sonsistent msmony,* with their raads ard writes interleaved
n soame neder. In facr, however, resl mubipmesssors ose
2ophisticated teckniques ic sehoeve high detfarmance: sicre

ete. These cptimizations are rot chservable oy seqeencial
wode, bus in mlikhireaded progranss &Yerent threads o
see subaly ditfersat views cf memodry; such neachines exhibat
relazed, ot wonk, memory raodelst O™

A g sinpk cuunple, coosider tee following assemdil
language xozam (SR For modern [nwl or AMD <35 mul-
tiprocesacrs given two distinet memoary locadans < and v
(nidally 1eld ing 7), Heae precessers resaecthrly woke 1 5 2
andyend thenrsad from yand x (inta register EAX on preces-
scr Qand EBX o0 processor 1) it is possible for boeh w reed
U tntae camme execution. 17 5 easy to >asck that this result cane
not aro: from any nterlewng oftas reads end writes of the
v | wnes; e 334 ol
fequentially consictent spmaniics.
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Mic wemdiitectually, e cus view tia gostioda esaople
45 avieble conseqarnoy of 2tce dallering: f sach preces
cffectively 2as & FIPO buffer of pending memcry writcs
(rogvoid the need to hlock while 8 weire complees), then the
rencs fromy and » eonlé 0o2us before the vrites have propa-
geted froea the buffers 1o mair memcry.

Other fumihes of multiprocessoes, datirg bock ot lesst
to the IDM 370, and including ARM, Raiwm, POWZR, and
S, Alse ediibit rlsved-memary beladiar Motrever,
there are rojor and cubtle differences atween different pro-
cessor famnilies ‘erisicg fom their diffesent imemal desgn
cholcesk 1n the details of nmxy what roasejuenticliy-con-
shatent exceutions lhq permit, and of what memery barrizr
snd synehe ki inssudions Cisy pawvide o b he por
Fraranser regain contral.

l'er any of these sroccsscrs, scdaxcd memon bchevior
exacernaree 1 d Mculhes of wiitihg consument oftwsme,
& gulem: programmers 0aanke reason, ot the level of
ebstraction of memary reads anc writes in termsof an intui-
tive 2000008 OF gloda. tine.

“This poper is based 5n work that first gppearec in the
Proceedings of he 36tk SICPLAN-SICACT Symposium on
Prirxiples of Progiomeniy Larsuoges umru, 2009, s
m the ngs of the 22ad J.

Tasorert Prowing in liigher Cvdrlma('n‘”\xd. .009.

auffers, hicrarchics of Jocal cache, soculetive Jor,
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Fences in Weak Memory Models

Jade Alglave', Luc Maranget', Suanit Sarkawr?, and Peter Sewdl?
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1 Introduction
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fw [9): ed-hx multiprecessor programs foc
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x86-TSO: A Rigorous and
Usable Programmer’s Maodel
for x86 Multiprocessors

By Peter Severl], Susmic Sarkar, Soot: Owens, Trumeesco Taopa Nard=1i, and Magmus O Myneen

Abstract
Eagloiting the maléipiocessces that bunve secently becorae
requises high-p and seliable concur-
rcrr svstama code, for wrrent data P
ryuml -:x-tb s)ndmuuuul libruries, compilen, nnl
0 om, g, which s always
challenging, is m-s\l: wwuch rnof( so by two prabloms, First,
real mamlddprecessons ypieally do not provide the sequer-
dally consistent mencery that & assumed by most work
o0 seonantics and verdfication. [nstead, they bawe relaved
memory modeis, vanung (n subdle ways btween proces-
wor familics, inwhich different bardware threads may have
cmily hmely canmistenl views of « slared imenery. Seamd,
the public wndor archiectures, supposed’y specifying what
programmcrs can rcly on, arc ofice in ambiguous infarmal
proee (a particularly poor madinm for loace gpesfications),
leading 0 widespread corfusion.

[n s puper we foous v 288 processurs, e rovicn e
eral recent [ntel and AMD specitications, shoniag that all
contain scrious ambiguitics, sonsc arc arguakly too weak to
program ahose and some are simply unsounad with m'-n
0 netual b newz26-150 prog
mode! that, to the best Mm. koowledge, nﬂ:u from none
of these problemas. If is
defined in HOLA ) bue mnbtpnruc‘nm h-ﬂdn Mml

machine whicl sbould be widely sexesdble o werbding pro
gramasers. We illustrate bow thig can be used to rexion
about the correctncss of a Line spialeck ‘mplcmentation
Al deseribe & general thoory of dare-moe freedom for e~
1S0.This shoukd put <36 multiprocessor systeen buiding on
a more selid foundatin, it shoeld also previde a basks for
futuse work on ventication of such systeoas.

L INTROODUCTION

Multiproccasor machinss, with many proccssoss actingen &
ared merary e wendew lonaisinee the 19503 heyare
o ukiguitous. Mearwaile, the diffauty of programming
cancurrent systems has mocivated estensive sescarch o
arogumming language desigr, semantics, anc enficabicr,
from semapkores and manizors w0 peogram logics, software

mode! checong, and so forth. This ware has almess alwys [

assanred that concarrent theescs thare a simye sequanially
sansistert memony, with their raads ard writes interleaved
n soame neder. I facr, howerer, resll mubipmesssors ose
2ophisticated leckniques ic sehueve high decformanse: sicre
suffors, hicrarchics of Jocal cache, soculetive caxutic

ete. These cptimizations are rot ohservable by sequenial
wode, bus in mwlikhreaded progranss &Yerent Careads may
see subaly dittersat views cf memdry; such machines exhiba:
relazed, ot wonk, memory raodelat W

A g sinpke cuunple, coosider tee following assenlily
language xog-am [SR) For modern Inwl or AMD <35 mul-
tiprocesaces given two distinet memory locadans < and ¥
(nitdally 2clding 7), eae areeessers resecthrly woke 1 e 2
andyend thenrsad from yand x (inta register EAX on preces
scv Qard EDX oo processor 1), it is possible for boch w reed
U tntae ceme executicn. 17 5 sasy to >asck that this result can
not a: from any imterlewe ng of tas reads end writes of he
twrer panemeannos; aecen 388 nad oo i o L
fequentially consictent spmaniics.
50

prae il el

MOV b 1 L]
MOV A [y] £t [q
Aot Freal Siate: Beae DEAT A\ Proe R0

wally, e v view hia gostioslar exopde
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scr cffectively 2as & FIPO buffer of pending memcry writcs
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MemSynth can synthesize real models

PowerPC

(define ppo
(& po (& (= (

(+ po dep)

(& (join loc (~ loc))
(-> Write Write)))
(& (- po dep)

(-> Read Write)))

(- (- po (—> Write Event))
(- (—> Read Read)

(& po dep))))))

(define grf
(=> none none))

(define fences
(+
(~ (let ([poFpo (join (:> po Fence) po)l)
(+
(:>
(+ (+ rf poFpo) (join poFpo poFpo))
(+ (join poFpo Write) (join Write poFpo)))
(>
join (+ rf poFpo) (+ rf poFpo))
join (+ Read Write) (+ rf poFpo))))))
(™~ (let ([poLWFpo (join (:> po Lwsyncs) po)]
[RE+WW (+ (—> Read Event) (—> Write Write))])
(:>

(
(

>
(+ (& RE+WW poLWFpo) Write)
join (& RE+WW polLWFpo) rf))
join (& RE+WW polLWFpo) Write)

join Write (& RE+WW polLWFpo))))

(+

(joi
(+ Read Write)
(+ Write rf)

(:>
(
(
(
in
R
(<
(<: Write (& RE+WW poLWFpo)))))))))
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MemSynth can find ambiguities in real models

x86

....................

x86-TSO: A Rigorous and
Usable Programmer’s Model
for x86 Multiprocessors

tymeen

|0 tests (Intel manual)
2 seconds

3 missing litmus tests
(Intel manual identifies at
least 4 different models!)

PowerPC

Fences in Weak Memory Models

768 tests (existing work)
|6 seconds

|0 missing litmus tests
(existing testing identifies at
least | | different models!)
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sSummary

Today
* Metasketches: scalable program synthesis

* MemSynth: a metasketch-based synthesis tool

NeXxt lecture

* Project demos!
» 7 groups, | | minutes per group

* Please be on time!
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