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Respond Well to Small Changes

e Batch-mode systems

— Modify document; rerun LaTeX

— Modify source code; recompile/relink

e Reactive-mode systems
— WYSIWYG editors
— spreadsheets

Twentieth Symposium on Principles of Programming Languages

January 10, 1993

Incremental Computation

x: input “data”

f (x): result of computation on x

Problem: Given a modification x = x + Ax,
compute f (x + Ax).

(Update]

X+AX >f(x+Ax))Aux'

> f(X)) Aux
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An Incremental-Computation Checklist

How does the computation’s state relate to
the state of the batch computation?

Does the computation exploit
— independence?
— quiescence?

— balancing?

What kind of auxiliary or summary
information does the computation use?

Under what circumstances is it cheaper to
recompute from scratch?

e What criterion (or criteria) demonstrates the
merits of the method?

e Generality of the method
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Text Formatting

Research has----
shown that candy
is dandy but----
liquor is——=——-—-—

x=[8,3,5,4,5,2,5,3,6,2,7]
y=fx)=1[8,12,5,10,16, 2,8, 12,6,9, 7]

foy[l=x[1]
ylil=letv=y[i-1]+1+x[i] in
ifv>16then x[i] else v fi
end

Research has----
shown that------
salads are dandy
but liquor is---
quicker----—--—---

x=[8,3,5,4,6,3,5,3,6,2,7]
y=1[8,12,5, 10,6, 10, 16, 3, 10, 13, 7]

Symposium on Principles of Pro ing L g January 10, 1993




Research has
Inale‘oeno(ence: s hown that
QRuiescence: qui ck er

Depend ence 9ra'oh:

SNNNE L1id

9(,8)=let V=g+l+¢ jn
if v>16 then o« else v £i
end

Summin:’ a List of Num bers
X=[18, 20, 45, 6, 3’ 81) s, [71

flx) = 205

x'=[13,20, 33, 6,3, 31, I, 17]

Fox')= Fox)+ (‘03] =x[3]) = 205 -12=/23

Summarj in‘Forw\dfion
p=Lts, 33, 33;’qﬁ, 12, 133, 198, 2.05]
18 20 45 6 3 4| Is 1t

R

18—233—) F3ABVIIL—I LTS~ (23"~ 205
F FF % (e 176 (13




Summin:’ a List of Numbers
X=[18, 20,45,6, 3, 81, IS, I7]
fix) = 205

x'=[1s 20, 33, 6,3, g1, Is, 17]
Fx')= Fox)+ (X031 —x[3]1) = 205 -12=[23

Balancinj

73 i

as‘
??/ \uc
33/ \ 13’? S"l/\37-
/' \ /N /\ /\

I1Ig 20 48 6 3 8l s I+
33

PL Contexts for Incremental Computation

e Language support for interactive systems
(“reactive-mode’ systems)

e Incremental language-processing algorithms
(e.g., interactive programming tools,

compilation reanalysis, etc.)
e Paradigm for program optimization

e Support for tool integration via control-
integration paradigm

e Implementations of compilers and tools that
support the above ideas
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Statrc Tuference s Name Analysis

r

b AL

: ™~

begin
declare a,@]e—duPI:mté yC;
b <—undeclared :=¢

o |

—

-\

Optimization

Strq\stk reduction [C°¢k ¢]
K:=0O
k:=o i:=1
i:=1 twoi i= 2 %
while i< N de while i4N do
k:= k+ alawi] k:= k+a[twoi]
122 14\ 1 2=+l
ed twol t=twor + 2

od

Finite differencing [Earley, Fong 8Ullman, Faige]

S:=¢8
S:=¢ F:= §s¢S| evencs)}
forever oo forever do
E:={se5 |events)§ = F
if [El=N then break if [E(=N then break
x:= ark T Xt= ark T
=T -fx§ Ti= T-fx}
S:= Svix} Si= S v {x}
od F:2F uif evenix) then fx}
else &




Tool Intejratior\ via Control Inte’jra‘tror\

DFA Server CFG Server

o-8 X0

CF,(’ Teree A'S
DS

Message

Sevrver

; Commands Tree A‘S
7 . Comma
ree quene Tree info Tree querm\, \ 17€€ info

AST Server

- %
w7

Goals of Talk

e Ways of assessing incremental algorithms

e General principles

(such as they exist at present)

e Individual results

(opportunity for new principles?)
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Talk Outline Worst-Case Analysis

Introduction

e Analysis of batch algorithms
Assessment of incremental algorithms Vx Tgach®)=0( (|x]))

e Assessing the cost of a single update

operation e Analysis of incremental algorithms
e Comparison over a sequence of update Vx, A-, A"

operations Tine G, A, AN =0 (g (|(x=AT)+AT|))
e Hierarchies of incremental problems 25 F (|(x=AT)+AY )

e Empirical studies

Graph-annotation problems
Other update problems
“Incrementalizers”

Conclusions

Twenticth Symposium on Principles of Programming Languages January 10, 1993
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S;v'e ~Siak Shortest - Pathh Problem 5317'9. ~Sink Shortest - Patha Problem
(with gositiye edge weigh ¢s) (with positive edge weigh ts)

Stak(¢) | ‘Stnk(6)

[Sp:’ra + Pan l?;‘?] [Sp:’ra + Pan I??Sil
[Berman, pau“,'ﬁ‘ Rjder‘ quO] [Berman, pau“)-ﬂ‘ ch(er IchO]




Worst-Case Analysis (of Incr. Algorithms) Direct Comparison: Incremental vs. Batch

e Asymptotically better

For many problems, no incremental
algorithm can perform better than a single
invocation of the best batch algorithm, in
the worst case.

The batch start-over algorithm is optimal.

Worst-case complexity is not a good way
to measure the complexity of incremental
computation.

Need alternative ways to characterize the

performance of incremental algorithms.

Twentieth Symposium on Principles of Programming Languages January 10, 1993

Vx, A™, At
Tpnc(x, A, AT)=0 (TBarch (| (x = A7)+ A" |))
Updating the minimum spanning forest of an
n-vertex, m-edge graph [Frederickson 1986]
TnemsF =0 (Nm) = 0 (m)

Better constant factor

Vx, A, AT

Tinc(x, A™, A") <Tpgren(|(x=A7)+A"|)
Variety of graph problems [Cheston 1976]

Never too much worse (and often better)
Vx, A7, AT

Tinc(x, A7, A) =0 (Tarch (| (x = A7)+ A*|))
Bag expressions [Yellin & Strom 1991]
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Direct Comparison: Incr. vs. Incr.

e Asymptotically better
Vx, A7, At

Tine1(x, A7, A+) =0 (Tpc2(x, A7, A+))

e Better constant factor
Vx, A-, AT

Tine1(x, A7, A+) STinea(x, A7, A+)

e Never too much worse (and often better)

Vx, A™, AT

TInCl(x’ A""” A+)=0 (TInCZ(xa A_9 A+))

Twentieth Symposium on Principles of Programming Languages

January 10, 1993

Change the Accounting Method

e Worst-case analysis
Vx, AT, A" |
Tinc(x, A, AT)=0TBarcn(1 (x = A7)+ AT |))

e Average-case analysis
Tinc(x, A~ AT =0 TBaren (1 (x— A7)+ AT ]))

e Amortized-cost analysis
Tinc(x, A=, A")=0 (TBatch(1(x— A7)+ AT )

Twentieth Symposium on Principles of Programming Languages January 10, 1993




Comparison Over a Sequence of Operations

e Amortized-cost analysis

Tinc(x, A™, A ) =0 (Tparen(1(x A7)+ A" [))

e Competitiveness

V x, seq

Ton-line(x, seq) <k * Toff —line(x, seq)

Twentieth Symposium on Principles of Programming Languages January 10, 1993

Care ~
C_Omf_gﬁﬁvg Ratio %2 ‘}(
Retuests:
Letss go Ski;nj , )
Actions:
Rent : § 1
Buy: #'s

Use skis alread)o furclmsecl: X&)

On-line a"or.’ﬂnm: RJ R)R core R? 8) UJ U)....)U
k

c _ {t‘ if tsk
For t requests: —onlne k+s otherwise
Coff-lime = min(s,t)

BC"" fbf MVGT’cry: Lk", “30-104»\, Sucker"
= Rk’ 8, "dara”
Best for C.R: choese k 1o minimite

Conling = _Kt5 — 5 pes-|
Cok-tive Min(S ki) ey
Competitive Ratio: 2 5




Lncremental (omputation us. On-Line Computation

£
L.c. —- functional view /\9 FCx)

+ax,

¥
/—ﬂ £(x+ax,)

i I~Co as O. L. C.
One operation: HOJi‘F)(S)
One Query: Whet are the changes in output !

MQAMQ MQ «--
. Comflcmev\‘t‘ary views

= Functional view Suggests some specific
te“"\ituts C89 function cachin,)

— OLC suggests broeclening the problem
MMMEMAMMMMQA oo -

[Cohen & Tamassia — SODA ‘H]

Boundedness

Tine(x, A=, A¥)=0 (g (adaptive parameter))

O (f (|input|))
versus

O (g (| Ainput| + | Aoutput|))

Adaptive: | Ainput| <> |Ainput| + |entire output |

161l =g4f |Ainput| + | Aoutput |

Twenticth Symposium on Principles of Programming Languages January 10, 1993
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T ncremental Relative Lower Bounds(TRLS)

A Maximum Netwvork Flow

Pominators
anu‘mum Spqm\nn3 T;'Ce I/(# fhooh#fcafrons neealeo( to “aChieve" a

-Semilatti -Fl
Meet-Semilattice Data-Flow Problems batch evaluatc’bn)

5-5 Closed-Semiring Path Problems
S-5 SZOPQ%&QFO:’?S(ZOO) remem e9. IRLB (S$SP>0) = OC()
5-S Reachability

Unbounded
Y N P T i i Sl

IRLB * Batch lower bound = Tner. lower bound

Sor'ting:
O(h)* (ntogn) = 1 (log n)

Circuit-Annotation Problem

Exponential
Grosenl QIR I St
g oy * () = ()

Prionty Orderin 3*

All-Pairs Shortest Path (>0)
(1811 Tog ISIl T Siagte-Source Stortest Path (»0)

Returrew\en't'- “fast initialization’
e.q. Sor‘t.’njz evnfty setaence.

= limited initial aum’liay Stor‘aje

"8" A Attribute Updafinj

[Ber‘man, Pau”) Ryder 1770]




ILRLB Classification Hierarchy_

OWn: Sssp>o
APSP > o
Transitive closure
P(anaritg
Stronj connecf‘iuﬂ‘y
Min- Max edge weiglt path
Reac(u‘n7 definitrons
Available expressions
Live uses of varrables
Dominators

I L .
w2 ,24¢

Connected components
Biconnected Components

Minimum spanninj tree

Shortest pat(« in undirected 3mrh

TRLB vs. Boundedness

Problem IRLB £l si)

SSSP >0 o(l) o(lish tegllsh)
& ®

APSP>o o(1) Odlisl| l=91Isli)

@

Dominators O(1) Onbounded
Minimum | L Unb
Spamning tree -3'7‘2 °ZM nbound ed




Beating_an TRLB:

Strqu Hafcking_

e—-m--o
Fattern albla

String

T <>

< b
F
a a
IRLB = l/m

TRLB * BLB
Yim

bla
e ——— e —m - 5

¥ fn) = (L

Beatfng an TRLB:

Strmq Maf‘ckinl

Fat‘tern’

String

IRLB =

TRLB * BLB
* L) = (Vim)

Yim

fe=-m--4
albla

i

/m

bla|blalblalala
e p e —————— - >

U‘(’-‘-)S

=TILB

clalpb|b

V-39
W—(o

(:L) 5]

m b

Cla

blblalblalb

<4
<3,

Q ajdla
)
* 9

v->o

q

ool = z\>
a

O(m) beats TRLB for problems with m<li




Empirical Studies

Very few studies
How are modifications generated?
What benchmarks are used?

Compare with studies of parallel algorithms
— standard benchmarks
— speedup
— efficiency

— increase in problem size solvable

wentieth Sympasiom on Princislie of Drocramming 1 anpiness Janunr v 10, 1993




Talk Outline @'ark - Annotation Probl ems

Introduction

Assessment of incremental algorithms

9 = F(y;, 9¢)

Graph-annotation problems

e Boundedness

e Problems on acyclic graphs

o DO} 'roBICMS (‘C’clﬂ’—)

e Problems on graphs with cycles

Py Unboundedness - Aﬁ ri b“te jf‘ﬁﬂﬂ rs
— Circuit- annotation laroblem
Other update problems
o Proble ( b
“Incrementalizers” roviems omn cyclie g I“‘f 5
- Reachdb;|; fj
Conclusions

— Stortest~ path fnol-/em
— Data - flow analy sjs problems

Twentieth Symposinm on Principles of Propramming Lanpuases Januar: y 10, 1993




Selective Recomputation

Selective Recomputation

Item Price Quantity Total
pen 95 3 2.85
paper 1.50 2 3.00
Total 5.85

Cpen, price X Cpen, quantity = Cpen, total
Cpaper, price X Cpaper, quantity = “paper, total

Cpen, total + Cpaper, total = Ctotal, total

Twentieth Symnnziom on Princinles of Procrammine [anenages January 10, 1093

Item Price Quantity Total
pen 95 75 3 285
paper 1.50 2 - 3.00
Total 585

Cpen, price X Cpen, quantity = Cpen, total

Cpaper, price X Cpaper, quantity = “paper, total

Cpen, total + Cpaper, total =ftotal, total

Twentieth Symposium on Principles of Prog; ing Languag January 10, 1993

2.25

5.25




Differential Updating Circuit - Annotation Problem

Item Price Quant. Total
pen .75(=95-.20) 3 2.25(=2.85-.60)
paper 1.50 2 3.00
Total 5.25(=5.85-.60)
new . _ Cold . =AC .
pen, price pen, price = BL pen, price
ACpen, price X Cpen, quantity = ACpen, total

ACpen, total = ACtotal, total

Cpen, total = Cpen, total T+ ACpen, total

Crotal, total = Crotal, total + ACyotal, total

Twentieth Sympasium an Princivles of Praprsmming Lanpuases January 10, 1993




“55’%3" of a C'namﬁ

———

’ Moo:FlEDG’S
’ cT
AFFE EDGJS

— Not known a priori

’ CHANGEDG’: =,¢ MootFlEQ,
>

VAFFECTED, ,
J
e Defn: ISl =[CHANGED, (]
— characterizes upda*’in, costs K . ver‘l'ex set . Ikl:S‘

inherent 4o a /orob(em (rather . '
than costs of a given algorithm N{k) : nQ_l'jQ borhood _of‘k | MR = 12
for the Froblew\

e Goal: O(£(IsH))

LMCK)Y 2 indluced graph KNI = 27
" K” :.:}F ,<N(K)>’ “oxtend ed 51‘2'6”




A Maximum Network Flow

S

Donma tors
Minimum Spanning Tree
Meet-Semilattice Data-Flow Proablems
5-$ Closed- Semiring Path Problems
-S Shortest Path (2 O)

S-S Reachability

UABOHHJQJ
“WWW

Circuit-Annotation Problem

Expon ential
W S N Sl pae S I S i S W e

Polgnmnral

1811 log llsll T

Priority Orderin 9*

All-Pairs Shortest Path (>0)
Sn’n,le-Seurce Sluortest Path (>0)

" 8" - Attribute Updatinj

(Na:ve) C‘ﬂan'qc Pm!of,q_a—fron

P fopaja‘l'e ( C?, S )

preconditiva: S = {inconsistewt nodes of G}

begim
while S # @ do

Select and remove a woole Vv 7£f0m5
oldvalue s = V“EV]
Reevalucte v
if oldvalue % vallV] thex
S:= S v {successors of v}
fi
od
end

E——




>




,Belmw‘or g‘f Chauge Pm_po'gi-h‘on

h (=3)

i———)i’ oV

T = 2TCu-1) + K

T = oM




A Maximum Network Flow
Pominators

Minimum Spanning Tree
Meet-Semilattice Data-Flow Preblems
5-$5 Closed- Semiring Path Problems
S-S Shortest Path (2 O)

5-S Reachability

Uub oande.c‘
R WP W, S S O )

Expon ential

Circuit-Annotation Problem

(P O il ) pa e N I i S I e

Po/gnOm‘al

1811 log I3 -

[ISll <= {Attribute Updating

Priority Orderin 3*

| All-Pairs Shortest+ Path (>0)
Siagle-Source Shortest Path (>0)

E 2 wations For Name Awva IJSFS

dﬁC'Qre a, b,’ C3

b:=c-

end

Declaredl'n Dacs = {a}v{b}v{c}

Declared Fo?mt'-'-'- DeclaredIn Decls

b € Dedared F;)rs emt

ce Decl ard F‘”Stm *




Defining Static Lnferences

: e NAME " .”/\
id dechl

c‘ec\sl.(’r\ = {id.name}u dec.fsi.[n

declsi. out = declsl. out

retuire icl name ¢ dECISJ_.M

Attribute grammar [ Knuth]

.Subtree Dlacemen't

YN SN

Consistent Tree =§Inc onsistent Tree




O?ti mal U'pc/q'fing |
/N A\

Inconststerit Tree =9 Cons:‘s‘tent 'I?ee
oo AFFECTED

Updating cost : O(iAFrEcTEDI) = O(NIS)

[Reps - PoPL 32]

5
i




Proaluc‘tiolr\: //OXO.\
ol/X 0/\0 L
| z
FIOV\: Eval Visit+ Eval Visit+ Eval Visrt

x' [ X'. X,_‘ X'_ xo. . XQ




A Maximum Network Flow

Pominators CABLES &€ BOXES [Alpern et al. PE 19%3]
Minimum Spanning Tree '
Meet-Semilattice Data-Flow Problems duct
$5-$ Closed- Semiring Path Problems Box: | @
S-S Shortest Path (2 O) foo
Uabounded S-S Reachability aé +b |
. lmk
Cabl k[0 5
able ] in . ¥
Exronenf:ial [Circuit-Annotation Problem ,_"_;f; .
WW
Polgno»u‘al e _c?_ -
e T "
Prronty Ordering ' = ﬂ
1 All-Pairs Shortest+ Path (>0) - g“f ¢
“5” IOj ”5" Siagle-Source Shortest Path (>0) @ /__,
S| = Attribute Updafinj l h ik ["l_,‘"-;g

Substrate 9r'apk: Bexes + Cables

Dependence graph : Attributes + Eclges



ExamP le: PERT Chart

link: CABLE { time_to. completion: BLUE *RED } LOCQNj Pe(‘Si’ tent Al.yéf?tt\m s

l [. - SoDA <0
Source: BOX{ C"f‘l‘rca(-pq‘fh-’enj‘ﬂ\: LlocAL f’\ﬁ/}L} [.Afern et e ]
out : % RED link |
} critical_path-lengtl += max (out. time-to.comp) @ Vertices, edyes -= blochs of storege

task e BOX{ out : ¥ REO [(mk

o Vertexy block -- peinters to preclecessors
in 1 x BLUE (mKk

in.time_to_completon t=l+mx(out.t:m.ta_cmp) Ond Successors + a“"",""y
sink 3 Boxg in ¢ % BLUE link Tnfor mation
in, time-to.cempletimn = 0.0 & E.dge block -- source and ﬂr’ef
+ aux{l.’arj mformation
o2 Source 0 Aux,‘lrmy ingrmd’f.n can net [ncludle
r.—tk any Qu’(:'/farj peinters
task r'"l L/_m ® No global informaton mamfamed
3

Qj I | task be-twc en upda-f-es

. * Update alyorithm follows pointers;
s | %} Choice can dffﬁhd en Vertices awd
"%— edpes vited se for (e.9., can
sink use stacks or gueues o workli}f!)




Circuit Annotation Is Not Polynomiall, Bounded
i i’ Root

G+Al e )" ‘g
Usp=00) @
Cannot distinguinh Roo t
among the O(n)
possi bilitres without \
Oo(n) work . X
:ult:: Al at [eﬁf’ /\D\
G +Aaltar S Az at reot of O axO
a complete bl‘n47 /Xq\\‘ / x\‘)\
= ( +ree o)‘ heyLt — : e |
hsit= otleg n) OClog my Ox0 Ox0 OoxO  Oxd
O(log n) == I | |
Qa Qa a

[Mpem etal SODA ?o]

Al is just one GV D ")
of O(n) possible % )
X iz \X'

modifi cations

G




Circuit Annotation is BocmdeA
[qu;linjam gReps 1911,92]

WorkSet

Trne- F"M}e
(Unexpanded]

Ou ter Ffﬂﬂje.

(Unexamm ed)

181l = O(log ) } 5 A z"’")

Work = JL (wn)

{ Re eq+edl
| (D Re- evalua«l»e Workset ™ rela-hvc.
| topal 3:‘:«/ Sort order

@ Expand all vertices  of Faner Pringe

werk: O (251
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4\ Maximum Netwerk Flow
Pominators

Minimam Spanning Tree
Meet-Semilattice Data-Flow Problems
5-S Closed-Semiring Path Problems
S-S Shortest Path (2 O)

5-S Reachability

Unbounded
LY. Y O g i e il S g S S

Circuit-Annotation Problem

Expon ential
ANAA AT T T T

PolgnOMral

Prronity Orderin 3*

All-Pairs Shortest+ laﬂn (>0)

(11 log I[SIl T Siagte-Source Suortest Path (»0)

| " S e Attribute ()pdat‘l’nj



o }Ic;}
'OO ~.—4"~
30

%I\n}m

Evaluation costs O(n la n)
Upelating cost: O(”§ll log Il&'ll)

O 350



1ol 1o] 10] to] #ol toltol ¥olEENEN 2] - O
A laid p

( ——m - &

Locksfep: < 2% ”VY\M- cover||

[Rlpcrn et al. = SODA 90]
Prror.’a‘] S pace [Dieti & Sleator SToOC 8’?]

NO‘(' -loca“) persrs-t'eu'r



Observations

Circuit Annotation Updating Via Priorities

o Relation vS. 'Func.‘h'md

l. Upola'f‘e priorities . | )
o Aljor.-rhm vuses perszs-l'ewf
ol SP° I( /9 Il Sfo”) aum'frary Storage’
e Not candidate for ameortized analysis

2. Chauye pmfﬂya'f’fon . . I .
A TR DAV SR A
O(” SV"UE:” Ioj ” SVa(ues ”) i J _—? ‘ " \i \I/
. J - Yy =
VR I T G S I
Unbounded i J J v é i
vs. ] . ‘

Bounded s O(2" ety . Competitive ?



il 8priority—ordering il

I Spriority—ordering I

[Ranalu‘ngom ‘QB]

800.0 . . :
IV| = 25,016
IE| = 26,173
600.0 | ]
400.0 v ]
200.0 ]
0'0 g » 1 1 1 .
0.0 200.0 400.0 600.0 800.0
Il Sattribute—-updating |

(Attr;bute JQPCDJC'\(Q grq’h 'f a PCSQQ( P"ogfa”\)

600.0 : . : , :
IV] = 25,016
- \ E| = 26,173
L / + .
b 4 te +
54 * . .
400.0 | ) ' ]
200.0 . . -
. + ' e
0.0 : AN ‘ :
0.0 5000.0 ~10000.0 15000.0

[l 8attribute—updating I



A Maximum Netwvork Flow
Pominators ' :

Minimum Spanning Tree Sinele-Sink S‘\orfesf-—pd*‘\ Problem
Meet-Semilattice Data-Flow Problems (with pesitrve edge werghs)
$-S Closed- Semiring Path Problems ‘

S-S Shortest Path (= O) Dijkstral (bateh) algorithm ¢

Unbounded S-S Reachability
WWMW

Unexamm eol

Circuit- Annotation Problem

Expon ential
'\NWM/\MW
F’olgnom‘al

Priority Ordering”

|__All-Pairs Shortest Path (>0)
“s” Iaj "5“ - Single-Source Shortest Pa'ﬂa (>0

Nmer?

" SlI & Attribute Updafl’nj '
| Smk
: SmK



Szn’Ie— Sink $horfe$f‘Pafl\ Prob/em
pesitive edge ucijl\?‘s)

C with

4 32|

DeleteEdge (6, v—=w)
Phase I:
WorkSet := fv}
Affected Vertices := ¢
while WorkSe+ # @& do

Select and remove o ver +ex
UL from Wor kSet

Insert u into A#ec+eal(/erh‘ce;
for eaclh red edge x-u g_l_g
Uncelov X =y Q
if j A red edge x-ry then
s Twnsert X inte WorkSet+
i

od

a— .
Phase 2.¢

Determine new dpatances in

induced greph < N(AffectedVertrees))
(e.9. via Dijistra’s algorithm)



Com.plex.'fl\, of Delete E"jﬁ Edgg _.Imser'h‘m_: O(”S" Ioj”S”)

Phase 1* O(”SII)
Phase 23 O(IISI log ISl
Total:  O(IISHl log Il SN

[P\amalinjaw\ € ReFS HQlJ

smk

() AistCuv) + length (v v) + didt(w) < AOHW]
Tdea: Perform (most of) +he batch
Single- sink problem with sink Vv

(but on'y vis:t vertices Jco(lwlm‘c'q
) holds --ana +their predecessors)



A Maximum Network Flow

Do minators

Minimam Spanning Tree
Meet-Semilattice Data-Flow Problems

Reachability_is Unbeunded
[Ramql:ngam‘ﬂeff I‘HI]

AN

5-$ Closed- Semiring Path Problems < =
S-S Shortest Path (2 O) .K‘—mv \)‘
Jnbounded 5-S Reachability & “‘;'o ,
AAAA A e N\ ‘ P
hsi=G 13ll=00)
Polgnomra( o " Vg .
‘ - ooOh‘}\ %‘_ouﬁﬁ‘
~ Priority Ordertn 3* g o o u
“S” loq lISIl T All-Pairs Skortest+ Path (>0) ’: '
og li3ll Single-Source Shortest Path(>0) [HEQ ,.\ | 151 = Okn)
' - s . ‘o
v 0\

"S" - Attribute Updafl'nj
o“"‘"““‘. ]

4s *



A Maximum Network Flow

Pominators

Minimum Spanning Tree

Meet-Semilattice Data-Flow Problems (M eet-Sem;j la'H'.‘ce_)_Da'I'a - Flow Pr'o blems

[S-$ Closed- Semiring Path Problemd

S-S Shortest Path (= O) G: Fflow 9""1‘“
MWUABO“"JQJ % $: entry vertex of G

L: sewilatice (with T)

Exponential Circuit-Annotation Problem M: edge —» L-=>L
WS i gl e N I N I .
Polynomial | (labels ed’” with Flow Func'h‘ans)
| . € €L t constant asseciated with s
Prionity Orderin _9* 1
| All-Pairs Shortest Path (>0) - The selutimnm s {Le Mmax; mal

“8” Ioj “5” 7 So‘n,le-Sourcc Shortest Path (>0)

 Fixeol point of:

(ISl 4 Attribute Updating | S(s) = €

scw= [ | Mvow(sw)
vepred(u)



There Are Unbounded Data-Flow Problems

I f S- bility :
nstance o Sss Reacha ¢y /\

D Ly

|
|

Instance of data-Flow problem P: | '~—9‘.——90)'
| £

St)=<c#T tlf, where F(Q)#T E lf—

M(e) = Ax.x S | ‘5/.\(@»
; fLe) {c)

\, AX. X R«;/ Fo

Su) = 7C(§) if wu is reachable froms P f(‘ .)’fm
Stw)y= T if wuis not reachable VD )
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Reacking Definitions | Re.ackab"a'ty and SSSP >0

source @

i

o
Ya'R
'

P 7R
+




Reol uctions Be-rugen Problems

() Give trawsformations:
Ins‘funcer — Ins-funcea

a.
6. So(umﬂ@ ——> S'o(wanP
c. 8p O¢

d A Selutiong — A SoluhIn p
(2) Show That () ard (Dd are
bound ed by a functizn of ” SP"

(3% Show ttat ” JQ” 3 bounded b) a
Funchon of I's,0

() Show that (Jc and (1)d are
la(al(} pers3t ent.

Unbounded

Exponential

A Maximum Netwverk Flow

Pominators
Minimam Spqnnln’ Tree

Meet-Semilattice Data- Flow Preblems
S-S Closed- Semiring Path Problems
S-S Shortest Path (= O)

5-S Reachability
e N i S S S

Circuit-Annotation Problem

WWW

;Folgnm‘u‘al

|

|

11511 log 1151

Priority Ovdering”

All-Pairs Shortes+ Path (>0)
Single-Source Shortest Pati (>oﬂ

"8" = Attribute ()Pdatinj



A

Unbounded
W

Expon ential
Po Iyno»u‘al

(1§11 l03 ISl

Maximum Netwvork Flow
Pominators
Minimum Spanning Tree

Meet- Cemilattice Data-Flow Problems
$-5 Closed- Semiring Path Problems
S-S Shortest Path (= 0O)

S-S Reachability
P S gl i i

Circuit-Annotation Preblem

WW

Prrority Ovrderin 3*
Ali-Pairs Shortest+ Path (>0)

T Siagle-Source Skortest Path(>0)

18l

A Attribute Updating

Dominators in a Directed Graph

Vertex V dominates w ifF
all Pa'H\s Source —> w contain V.

Data- flow Froblem: M(v—=u)= Ax. {v} uX
S(source)= @

Sw=\ Mwu>y)(S)

veprad(v)
IJenﬁfg function not allowed on an ,c-l’e.



Dominators is Unbounded

Without —» and —>, d dommates

+he

v,
v i
@/ ¥y
PN
P .

ix,y, tf— loop.

Boundedness

e Good bounded algorithms exist for certain
problems

e A good heuristic exists. for acyclic problems

e Many problems of interest have no bounded
locally persistent algorithm

— How can persistent auxiliary storage and

non-local pointers be used?

e Hybrid analysis
- O(f (m, 1I811))

Twentieth Symposium on Principles of Programming Languages January 10, 1993



Talk Outline

Introduction
Assessment of incremental algorithms

Graph-annotation problems

Other update problems

o INC
e Function caching
e Dynamization

“Incrementalizers”

Conclusions

Twentieth Symposium on Principles of Programming Langunges

January 10, 1993

INC

e Language for computations on bags

e Changes to arguments — change in final
result

e Differential updating used
— selective recomputation: coarse-grained
incrementality
— differential updating: fine-grained

incrementality

e “Never worse” than recomputing from
scratch

[Yellin & Strom 1991]

Twentieth Symposium on Principles of Prog ing Languag, January 10, 1993




Computing the Size of a B__g_j Exam?lgz _Bag E%ua,ity

B = [2,4,2,6, q, 2, “)‘J
ArPIyL‘JB=[1)1)111)1)’)1] e . —
Reduce[-b](/qpplj[']s) = 7

{
|
:5_‘":‘!5."3@. —~——— __ T\ _ _IsSubbag
7 | | I oo 1
g ..T_ _ _SizeOf 0 Tl Ry :
{ ! : | ls.‘
| < 'I (| - :
: Reduce + | N Bi7E '
! = ] C ] l
| 7 (| ]
| [')')')')l:'), ] ' l ' ) :
| ' 1y Ly, 2,2)
| | Aol ! T 1 !
PP'Y 11 - |
I — | | -
! |
L 1

B [1,4,1,6,4,2)&; ]

[’)')2)1 ] Ll) ') zl z]



Differential Updating in INC

e Produce smallest message
Boa=1{1,2, ---,50}
B ew ={49,50, ---,100}
At ={51, ---,100}
A={1,2, ---,49}
Remainder = { 49, 50 }

® T =0 TBgch)

at most a constant factor to maintain

structures used during updating

ineinlee of Pracramatiine [ aneoares

January 10, 1993

Incremental Computation via Function Coching.
[Pugh 8 Teitelbaum — POPL 194(]

Aﬂo'.abolﬂy. Decmr@su‘[ﬂ.
list Pfoble""
L= AllB
f) = alfw), £(8))

Ex: Squere the elements of
a I3+ of integers,

Zoput: (12345¢C +7)
Qutput: (1 ¥ 116 2536 YT 6¢)



sAICL) = if naliCe) thea L
g_'s_e_ Cons ( hal(L) 2, Sl(tj('-))) fi

Idea: Cache PrchOOS. values

'Oﬂz{n al grob(fg Change last e:lt.
;}Qagqs“;gj - |sfCr234s ¢ # )
(149 1625 36 4q 64)| (L4 9 le 25 3¢ ¥71)

] s£C2345¢382) 52C23 4 S ¢ 79)
(491625 36 47 ¢C¢) (4 25 316 Ya st)

sA(3)
J (1)

A ]
l ()




55(S)= if lengt(s)= [ ther hd(S)exz 31l SS(S)
ebe oppend( ss (fint- u.«f(s)) 55 (second- lmlf(s)))

Ieny-ﬂ\(S)" { ‘HAM hA(S) xx2 22w/l
rpend( ss (fint- k.thS)) 55 (s€cond-half(s))

""):h




Goal: S"ta‘ole dt?cor“\pasl'*fot’\ Stable o!ecompos::f',m

2 Given x, I’\a;‘vCX) s a pesitive it

. ) l..l.l..n..fl.n
p levely is the 10«7:951’ i st | 7'\
hash (X)) is a mult+/ple of 2_; lu'u},u”ll l
N
. €3, hash(x) = Ollol 22O "‘i" lulfln /\'
level(x) =3 . s |
) . .

@ Re.tuire: of all elts. are level o (auy,)

3

L of qll elts. are level | (cwj.) :

! => with l’LF7l1 P"Dbﬂkc’l'y there will
be ou\lj O(loj r\) cache wm3sés.
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Dynamization

Solution for static problem
[queries only]

\2

Solution for dynamic problem
[queries + insert + delete]

(semi-dynamic = queries + insert)

Search problems
Query: point X set — answer

Ex. 1: Membership in a set
Member: element X set — Boolean

Ex. 2: Nearest neighbor
Nearest: point X point-set — distance

Twentieth Sympnsitm on Principles of Programming Lanpiages

Deconrosable Search Problem

Queryi Po:‘nt X set —/T ans wer

Seset /~ A [ B

[1: answer x answer —r answer

Comr)utable in constant time

Query(x,5)= [0(Query(x,A), Query(x,B))



Block Partifronin7

Let lScurrentl =n
Expamd n in binarj
e.q. 1 4 o 1 o 1
—
< log,n
Static
H Structures
| 1 —

SPace! 5 )y = O(Ssc.mc“))

Dy
Querj time: at most logn Ioo{(ufs
Qoyn(n‘ = O(QStatl'c CV\) ’03 V\)

Insertfon time (amortized):

Time to build statrc structure ofsrze n
n

Jrn

On each insertien, restructure accorc img

to exPansIon of ,Squren'tl in b:‘nary.

Tie-Ins I

e Priority-ordering + change-propagation could
be used for scheduling in INC

e Caching and dynamization could be used for
“reduce” operations in INC

e Passing of A’s in INC similar to passing of
A’s between tools (when integrating tools
using the control-integration paradigm)

Twentieth Symposium on Principles of Programming Languages January 10, 1993



Tie-Ins II: Caching versus Blocking

Caching: f (L) =0(f (4), f (B))
Blocking: O (x, C) =[(Q (x, A), O (x, B))
g(C)=0g ), 2 (B))

Blocking: [J associative and commutative

Caching: [J associative but not necessarily

commutative

Twentieth Symposinm an Principles of Properamming Langiages January 10, 1993
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. Incremental Rewriting
Talk Outline [Field § Teitelbaum = LFP (990)

Introduction
. . X"' '&2!' m . * : ' f

Assessment of incremental algorithms : normal Form

Graph-annotation problems

Other update problems

FIncrementalizers”

e Incremental rewriting
e Alphonse
e Incremental computation via partial

evaluation

Conclusions
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273

Corresponding Terms
[ Graph Op. | Left A-Subterms | Right A-Subterms
« 6 )
Azy.zy dist. | ((Azy.zy)IDII)) | ((Azy.zy)IT)IT))
| (AUD)
d )
reyey (1) 8 | (Oayep)InUN) | (Gay.ey)InID)
faan)
Ay-(Ty) - ((Azy.zy) §)
(I1) | dist. | (Ay-(IN)y)IT)) | (Qey.2zy)I)IT))
(1’ ) (((Azy.zy) ) )
Ay-(y 9) J
(1)
(an| 8 | (w-(Ny)dID) | (Azyzy)I)IT))
(1" @)
(11) I
(11) 8| (UnD) ((Azy-zy)(II)(1T))
(...1/‘3\(((A=y.zy) Py
]
(1) B | (1)) ((Azy.zy) T(I1))
’/a\ (ay2)) )
(1) g |Un ((\zy.2y) I(IT))
,/\ ((Oey=)) )
: I B |1 ((Azy.zy) I I)
Figure 8.1: Reduction of M;




ImCremen‘{‘a' Kewrﬁ—m’: EXam'ple

(((z\cﬂ)) czn)) —>'

ESETE

- o e

Binary Search Tree

TYPE Tree = OBJECT

left, right: Tree;
val: INTEGER;

METHODS insert := Insert;
delete := Delete;
lookup := Lookup;

END;

TYPE TreeNil = Tree OBJECT
OVERRIDES insert := InsertNil;
delete := DeleteNil;
. lookup := LookupNil;
END;

PROCEDURE Insert(t: Tree, v: INTEGER): Tree =
BEGIN
IF v < t.val THEN t.left := Insert(t.left, v)
ELSIF v > t.val THEN t.right := Insert(t.right, v)
END;
RETURN t;
END;

PROCEDURE InsertNil(t: TreeNil, v: INTEGER): Tree =
BEGIN
n := NEW(Tree);
n.left := NEW(TreeNil); n.right := NEW(TreeNil);
n.val :=v;
RETURN n;
END;

Twenticth Symposium on Principles of Programming Languages January 10, 1993



AVL Tree

TYPE Avl = Tree OBJECT
METHODS <* MAINTAINED EAGER *> height := Height;
<* MAINTAINED DEMAND *> balance := Balance;

END;

TYPE AvINil = Avl OBJECT
OVERRIDES <* MAINTAINED EAGER *> height := HeightNil;

<* MAINTAINED DEMAND *> balance := BalanceNil;

END;

PROCEDURE Height(t: Avl): INTEGER =
BEGIN RETURN MAX(t.left. height(), t.right.height()) + 1 END;

PROCEDURE HeightNil(t: Avl): INTEGER = BEGIN RETURN 0 END

PROCEDURE Balance(t: Avl): Avl =
BEGIN
t.left := t.left.balance();
t.right := t.right.balance();
IF Diff(t) > 1 THEN
IF Diff(t) = 2 AND Diff(t.left) = -1 THEN
t.left := RotateLeft(t.left)
END;
t := RotateRight(t).balance()
ELSIF Diff(t) < -1 THEN
IF Diff(t) = -2 AND Diff{(t.right) = 1 THEN
t.right := RotateRight(t.right)
END;
t := RotateLeft(t).balance()
END;
RETURN t;
END;

PROCEDURE BalanceNil(t: Avl): Avl = BEGIN RETURN t END;

Tweaticth Symposinm on Princinles of Propramming [anstnees January 10, 1993

Alphonse

e Declarative
— Invariants specified by imperative
code—conceptually invoked after each
modification
— Must argue that side effects in eagerly
maintained methods cannot affect
observed output

e Introduces code to build and maintain an
(acyclic) dependence graph
— code templates for
access(loc)
modify(loc, val)
call(p, a1, - -, ax)

e Maintains values that user requests via
change propagation combined with function

caching

[Hoover — PLDI 1992]

Twenticth Symposium on Principles of Progrmmming Languages Junuary 10, 1993
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Alphonse Checklist Tneremental Computation via Partial Evaluation

i Sund dak - 1999
Batch/incr. states: — [Sundaresh € Huda PorL (]

Independence: via dependence graph

Quiescence: via change propagation / N
Balancing: not built in * s > Result
— Programmer may use explicit balancing k y
Auxiliary information: dependence graph
When better to recompute from scratch?
— Depends on overhead \\%
Assessment criteria ,
— Tnternal structures O (]| Sy, [110g | 3po |1 KN f 5 Resule!
+0 (1l 8yais I Tog || Syas 1) k y
— Pragmatic—Alphonse extends what is

easily expressible
— In practice?

Generality: ++ defined w.ru prejections

D

Twestieth Symaciien on Princinkes af Pooseammine § anpimees January 10, 1993



Thnecremental Coqutation via Partial Evaluation
PfO_j' ections [Sundaresh & Hudak - PopL H‘NJ

Allow '.Féf‘m.’nj resrolua(; w.r,f,/ Aata

o+ther +han Tthe Fivst COMPoneuf.
. 2 | b £

pres: D—0 = > Result

prej = ID no information add Hon ky :U (L)c' f’"’.ji‘ (aobac@d))

Proj o ij: FroJ’ J'dewpcrf'eute 4 "{")b:‘)d} :
Without F_cojec‘l‘-‘ong:

ﬂd, = P P <1) A() v

L 2<di,d> = L 4 d

)7 4 = f R P v ,

Using  prejectiovs: <l 4 —7 Kf’“"

L = P4 oma =L J(L % proeesocen)

Pri,a P P i€ fa,b,e,df

L fa = L A Capply proj @)

prej.a
@ JQ‘F?neo‘ w,rh ijecffoni




Talk Outline Other Work

Introduction e Incremental data-flow analysis
Assessment of incremental algorithms e Dynamization of graph problems
Graph-annotation problems o Finite differencing |
Other update problems | e Incremental parsing
“Incrementalizers” | e Functional algebra

Conclusions | e Truth maintenance

e Incremental deduction
¢ Incremental constraint solving

R e Document preparation

Twenticth Sympasium on Principtee of Propramming Lanpnaces Janua ry 10, 1993 Twenticth Symposium on Principles of Programming Languages Tanuarv 10 109071



Implementation Frameworks

e Lotus 1-2-3

o TK!Solver

e The Synthesizer Generator
e Pan

e Centaur

e RAPTS

e Thinglab

e INC (?)

e Alphonse (?)

Twrentieth Sympasivm on Princinles of Pracesmminge [anoinapes Jenuary 10, 1993

Unresolved Issues

Use (and maintenance) of summary
information
— use of pointers and auxiliary storage
— [Sairam, Vitter, & Tamassia — STACS
93] |

Models for lower bounds other than IRLBs
and local persistence

— persistent auxiliary storage

— non-local pointers

“Sparseness”
— storage: only maintain certain values
— time: only consistent at certain times

Empirical studies of incremental algorithms

Dissemination
— library package
— full-blown language (I/O, window

systems, interface to existing languages)

on Principles of Prog; ing 1 January 10, 1993
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