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MOTIVATION:

Build a Real- Time Garbage Collector!




Hasnbtha t been do ne
alr eady???

It de pends on what y ou mean by Real- Time Garbage
Colection.




How To Get There
(redebPning Real- Time GC)

¥ | Design and understand the g arbage collector
algorithm.

¥ Understand the system to garbage collect.
¥ Schedule garbage collection in the sys tem.

¥ Analyze schedulability of the sys tem, including
garbage collect ion.

In th Is paper we t ake the br st step by f ormalizing a garbage
collector algorithm; and reason about i ts b asic properties.




Our Contr 1but ion

¥ We design a f ormal model of an incr emental c opying
garbage collector.

¥ We reason about i ts b asic properties:
1. Carectness

2. Usdulness




The Garbage Collector Algorithm

Cherey®in-place breadth br st tr aversal of g ray
objects.

Read barrier similar t o that of Ba ker (forward
accesses t o tospeace).

Write barrier in styl e of St eele (reverting black t o
gray).

Gereral obje ctive:
D efer as much work as possible to GC time!




The Model

¥ Aheap HisabPnite mapping fr om addresses to
nodes:

H:={x1—01,...,x,— 0,}

¥ A node can be either a sequence V of values
(enclosed by angle brackets) or a f orwarding node:

0::= V"] ¥x




The Model

¥ Avalueis either an address or an integer:
Vi=X]|n

¥ We reserve one address nane for the r oot of the
heap (r).




Example

H= {X!" #1727372747y$y!" #Q757772$Z!" #172$r!" #X,y,Z%

I’Z)I




Bookkeeping

¥ We divide H into thr ee subheaps (white, gray, and
black):

H=W|G|B

¥ The heap border (]) iIs jJu st a sp ecial syntax f or heap
concatend ion.

¥ Along the same line we use a symbol (up/down
arrow) t o keep tr ack of the cu rrent p osttion of the
scan pointer.
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¥
¥

The Algorithm

Labeled Transtion System (LTYS).

Internal tr anstions are garbage collector
Increments.

START, DONE SCANSTART SCANI NT, SCANADDR COPYSTART E

Labeled tr anstions are mutator actions (read, write,
and allocate).

r(p=n), w(p=n), w(p=0), a(p).
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The Algorithm

¥ A garbage collection cycle begins with a ST ART
tr anstion and ends with a DONE tr anstion:

H Sy g, DONEg,
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Garbage Collector Transtions -
Examples

0| G,r—(V)|0

START Gt (V) | 0

W1Gx" ws|B SCTART  wiGam #& VS| B
W |G,x— (v |)|B SCANDONE G xs (v).B

W|0|B

QONE g1 B0
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Garbage Collector Transtions -
Examples 2

W,y (U)W | G,x— (V | y,V') | B

COPYSTART
—

W,y — (U),W'|z— (),G,x—(V T2 y,V') | B

W,y !" ¥z WH| G, x!" &/ %y,V%&|B

FORWARD

Wy " ¥z WH| G, x!" $/,z %V B
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Garbage Collector Transtions -
Examples 3

Wy " #U,u,UY%W3| G,z!" #U%Gx!" # & v,V B

CoPYWORD

Wy " #U,u,USW3| G,z " #U,u%G3x!" # & y,V4B

/equaI\
W,y !" #1‘]$W‘V1 G,z!" #%]$G‘V,°x!" #w & y,V%|B

COPY,DONE

W,y " ¥ WA G,z" #USG%x" #,z ( V%|B
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Mut at iIons

¥ Since we use a copying scheme B we would like to
abstr act a way actual | ocat ions

¥ We do this by debning mutator tr anstions based on
the n otion of paths.

¥ Ifthem utator can access a node, the re exists at
least o ne path fr om the r oot tha t | eads to that
node.
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Mutator Transtions B Paths

¥ A path is a sequence of in dexes.

¥ Example:

H={r— Xy),x— (3,2,y— (2,7),z— (1,2)}
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Carectness of the Algorithm

¥ Preserves well- formedness
¥ Terminates.

¥ Preserves the meaning of the hea p.
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Well- for medness

Tri-color invariant holds (i .e. no black t o white
pointers).

Forwarding addresses never pointt o white nodes.
The roat is n ever w hite.

Values to the | eft of (beh ind) the s can pointer are
never a ddresses to white nodes.

While copying, the c ontent of the n ew copy is
always a prebx of ( or equal t 0) the c ontent of the
old copy.

LEMMA: If H is wel I-formed and H --> HOthen HOis
also well- for med.
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Ter minat ion

¥ THEOREM: for every well-formed heap within a
garbage collection cycle (i.e. the ST ART transtion
has been taken but n ot the DONE tr anstion), a state
where the DONE tr anstion can be t aken may be
reached after a bn ite number of g arbage collection

tr anstions.

START QQNE

Ho '™ Hy!'"™ ...'" Hyq H,
# H
H ... HFP,

VH/,1<i<n—1.H/ DONE H,"
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Preser vat ion

¥ Equwvalence: what makes tw o heaps equivalent?

¥ Read equivalence (i.e. ar ead has the same result
In both hea ps).
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Example B Read Equialence

HO:
r:

H y

22



Example B Read Equialence

H: HO:
r:
» y:
Z:

=

Butthe yare different n ow. A mutation may
cause themt o not ber ead equivalent an y more.
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Preser vat ion

¥ Equwvalence: what makes tw o heaps equivalent?

¥ Read equivalence (i.e. ar ead has the same result
In both hea ps).

NOT enough!
¥ NEWATTEMPT D Structural equivalence:

1. Read equivalent.

2. Contains the sam e jo ining paths.
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Str uctu ral Equivalence

¥ Joining paths:

¥ The predicate join:

join(Hr,pl1,p2) is true if, starting atrin H , both pl1
and p2 | ead to the same address

¥ Example:

join(H r, 1:2, 2:1) is True since
both 1:2 and 2:1 end up at z.
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Example Revisted

since join(Hr,11:2) is True but jo in(HO,L1:2) is False
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Preser vat ion

¥ LEMMA:
If tw 0 heaps are str ucturally equivalent, and one of
them can take a | abeled tr anst ion, then the o ther
one can take exactl y the sam e tr anst ion, and the
resulting heaps are also str ucturally equivalent.

H -5 H

H - H

27



| s Str uctu ral Equivalence
Strong Enough?

¥ We can show that str uctural equivalence is
preserved by each garbage collection tr anst ion.

¥ Budoesitholdf orinbnite sequenaes of tr anstions?
¥ The l-c alculus offers a proof t echnique for tha t:

¥ Show that str uctural equivalence is a weak
bisimulat ion.
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Weak Bisimulat ion

¥ Arelation S on process terms is a weak simulat ion if:

P . P P | p#
S S S S
Q —. Q Q gty @

¥ Sisaweak bisimulation if both S an d its c onverse
are weak simulat ions

¥ P and Q are weakly bisimilar (P"Q) | f the re exists a
weak bisimulation S suchthatP S O.
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Bisinulat ing Garbage Collection

¥ We debne tw o process terms one with g arbage
collection, and one without.

def
ch(H) i Z |.ch(H/) -+ Z ’C.Pc;c(H”)
H—HY H—H"

PH)= | |.PHY
HI* H?
¥ THEOREM:

If Han d HGare well- formed and str ucturally
equivalent, then P cdH) " P(HO).
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Useulness

¥ LEMMA:
A dead node can never be come live again.

¥ THEOREM:
If a n ode has been copied, the a ddress of its
corresponding forwarding node is not dea d in the
original heap (i.e. when the g arbage collector
started).

¥ COROLLARY
If H -->* HO is a GC cycle then,
size(HO) # sie(live(H) U new allocat ions)
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Our Contr ibut ion
¥ A forma model of an incr emental c opying GC
¥ We have shown:
1. Carectness
' Well- formedness and Ter minat ion

' We debned str uctural equivalence and have
shown thatitis in deed a weak bisimulat ion.

2. Usdulness
The size of the hea p after a GC cycle is bounded

by the siz e of the | ive nodes when the GC started
+ new allocat ions made during the GC cycle.
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Quest ions and Commernts
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