Garbage
Collection

Zvi Effron”, Phil Miller”, Ari Wilson*

Advisor
Melissa O’Neill”

* Harvey Mudd College

# Vanderbilt University




® Without garbage collection:

volid foo()

{
int *x = new 1int;
Gl > G
quux(x)
GOLE << *Xx:
delete x;




® With garbage collection:

void foo()
{
1nt *X = new 1int;
Gl > G
quux(x)
GOLE << *Xx:
—detlete—x—
I




® Frees programmer from manually
deallocating memory

® Garbage collector determines when data is
no longer live from the running program




Starting point:

Root set (program variables)

Memory:
O 5 101520 25 30 3540 45 50

Root Set:




Mark Phase:

Recursively follow all pointers and indicate live

Free List: Memory:
O 5 101520 25 30 3540 45 50

Root Set:
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Mark Phase:

Recursively follow all pointers and indicate live

Free List: Memory:
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Root Set:




Sweeping:

Scan through memory, reclaim anything unmarked

Free List: Memory:
O 5 101520 25 30 3540 45 50
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Sweeping:
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Sweeping:
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Sweeping:

Scan through memory, reclaim anything unmarked

Free List: Memory:
0 14 O 5 101520 25 30 3540 45 50




Sweeping:

Scan through memory, reclaim anything unmarked

Free List: Memory:
0 1420 44 0 5 101520 25 30 3540 45 50

- - [ ]




Zebra-Stripe Detection in
Mark-Split

Extending the Mark-Split Garbage Collector




® Mark-sweep is stupid

® |nefficient
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Real Memory:
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® What is a good way to store the intervals!?

® Most frequent operation is searching for
interval




® Build a tree of free intervals in memory

® Whenever a live object is found, resize, split,
or remove a node in the tree

® Convert the tree of free intervals into a
form usable by the allocator




Node:

0

Stard End

Real Memory:

50 |00

200 300 350 400 200




Node: StarfEnd|\ 0 [S00N\\

Perceived Memory:
0 500

Real Memory:
0 50 |00 200 300 350 400 500




Node: StarfEnd|\ 0 [199N,

300]500\N
Perceived Memory:
0 200 300 500

Real Memory:
0 50 |00 200 300 350 400 500




Node: Start End 100] \
0 [49] 300]500
Perceived Memory:
0 50 |00 200 300 500
Real Memory:
0 50 100 200 300 350 400 500




Node: Star{End 100] dal

0 [49] 300349,
400{500
Perceived Memory:
0 50 |00 200 300 350 400 500
Real Memory:

0 50 |00 200 300 350 400 500




® Memory that alternates between small
intervals of free space and small intervals of
used space

-O.IMB




Mark-Split:

Free List:

Perceived Memory:
0 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:
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Mark-Split:
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Mark-Split:

Free List:
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Mark-Split:

Free List:

Perceived Memory:
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Real Memory:
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Mark-Split:

Free List:

Perceived Memory:
0 |5 20 25 30 35 40 45 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:
2024 ],
0] 4] 40]44J N
30 [ 34 NN




Mark-Split:

Free List:

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:
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Mark-Split:

Free List:
0 4
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Real Memory:
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Mark-Split:

Free List;
0O 4 10 14
—>
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Mark-Split:

Free List;
0O 4 10 14 20 24
> >

Perceived Memory:
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Mark-Split:

Free List: Overhead:

0O 4 10 14 20 24 30 34 20124 } |,
> > >

Perceived Memory:
O 5 101520 2530 3540 45 50

H B B E B 04 V] 20441 N

Real Memory:
O 5 1015202530 3540 45 50

" H EH BB 0] 14 NN [30[34 \N




Mark-Split:

Free List;
0O 4 10 14 20 24 30 34 40 44
> » =

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:
2024 ],
0]4 NI 40]44J N
10] 14 30 [ 34 NN




Mark-Sweep: Mark Phase

Free List:

Perceived Memory:
0 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:
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Mark-Sweep: Mark Phase
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Mark-Sweep: Mark Phase
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Mark-Sweep: Sweep Phase
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Mark-Sweep: Sweep Phase

Free List;
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Mark-Sweep: Sweep Phase

Free List;
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Mark-Sweep: Sweep Phase

Free List: Overhead:
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Mark-Sweep: Sweep Phase

Free List;
0O 4 10 14 20 24
> >

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:




Mark-Sweep: Sweep Phase

Free List: Overhead:

0O 4 10 14 20 24 30 34
> > >

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50




Mark-Sweep: Sweep Phase

Free List;
0O 4 10 14 20 24 30 34
> > >

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50

Overhead:




Mark-Sweep: Sweep Phase

Free List: Overhead:

0 4 10 14 20 24 30 34 40 44
> » |

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50




Mark-Sweep: Sweep Phase

Free List: Overhead:

0 4 10 14 20 24 30 34 40 44
> » |

Perceived Memory:
O 5 101520 2530 3540 45 50

Real Memory:
O 5 1015202530 3540 45 50




® Steps for Mark-Sweep:
® 5 Mark

® |0 Sweep

® Steps for Mark-Split
® 5 Mark
® 5 Updating the tree

® 5 Building the free list




® Overhead for mark-sweep:
® None

® Overhead for mark-split

® 5 Nodes




® Mark-sweep zebra-striped memory

® Determine zebra-striped sections of
memory before completely splitting them




® Use a self balancing search tree for mark-
split

® | et the height of the tree grow to some
maximum

® |f the height would ever surpass the
maximum, assume all of memory is zebra-
striped




® Problems

® |t is unlikely that all of memory is zebra-
striped

® Even a small section of zebra-striping
can force a sweep of all of memory

® All of the work done in the tree by the
mark-split algorithm is wasted




® Assume a section of memory is zebra-
striped if the average interval size gets too
small
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100{ 1044+

Interval for the object

80 89// I |25 I3A'f’
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100{ 1044+

Interval for the object

80 89// I |25 I3A'f’

019 NN 95197 ] 110[114] 150[199

Start: 1 10
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10

97|

Interval for the object

125

f

|34

110

114]

Start: 1 10

|50

199
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Range: 110 - 199 = 90 bytes




100] 104+ | §

Interval for the object

80 89// I |25 IBAP'

019 NN 95197 ] 110[114] 150[199

Start: | 10 End: 199
Range: 110 - 199 = 90 bytes

Average Interval: 30 bytes




Find the interval for an object (like in normal mark-
split)

Use the leftmost node in the subtree and rightmost
node in the subtree to determine the overall range of
the subtree

Use the number of nodes in the subtree to determine
the average interval size

Mark the region zebra-striped and drop the subtree if
its average interval size indicates zebra-striping




® Problems

® Very large intervals may be in the

subtree, increasing the average interval
size

® Prevents the appropriate detection of
zebra-striped intervals




® Use an unbalanced tree

® All intervals in a given interval’s subtree
smaller than the given interval




® Pathological Case: linked list

® Easy conversion to free list

® Expected Case: log n performance for all
tree operations
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® |arge intervals will only split zebra striped
sections

® Won't prevent detection




® Complete tree can be preallocated for the
tree structure




® May allow for the detection of zebra-striped
regions

® Split call attempts to insert a node below
the maximum depth of the tree

® Work in progress

® Use similar structure, not a tree




Mark-split collection is inferior to mark-sweep
collection on zebra-striped memory

Early detection of zebra-striped memory is possible
through various techniques

Hybrid collectors of mark-split and mark-sweep can
outperform non-hybridized versions of either




® |mplemented mark-sweep and mark-split
collectors in JikesRVM

® Worote scripts to transform memory dumps
into understandable pictures

® | earned more than anyone should want to
know about Java’s internal representation




Garbage Collecting the Split
Node Data Structure

Improving Garbage Collection on Complicated
Data Structures




e GC is Good: ® GC is Bad:

® Memory is limited ® Pointer reachability sucks

® Memory is ® True liveness is
hierarchical undecidable










® Obijective

® Remove logically unreachable data
® ‘Blobs’

® Framework for specialized GC

® Trailer arrays




® What are persistent data structures!?
® Versions
® Copy abstraction

® How are they useful?

® Structured editing




Example

® Version |I: @ @




® Version |I:

® Version 2:

@C
NV J N
OEOE




® Version |I:

® Version 2:

® Version |.5:

NV J N




Take a linked data structure, produce a persistent version
Linked data structures:

® Trees, lists, graphs...

® Sequences, stacks, queues, maps, heaps...

Benefits: simulates copy abstraction efficiently

Limit: bounded in-degree

® Allows inverse pointers




® Magic!

® Well, not quite

® Concepts
® Access pointers
® Nodes

® Valid interval




tail | v1.0

4))/

head | v1.0

v2.0

n2 <L tail | v2.0
v20
v3.0
' v3.0
v3.0 « V30 v3.0 | n3 <L tail | v3.0
v3.0 [ n2




® Pointer reachability really sucks for split
nodes!

® What is logically unreachable in this
structure?

® Dead versions

® |nhaccessible nodes




|. O(n) time per collection
2. O(n) space overhead on existing structure

3. All version garbage is removed




® We mirror the two phases of mark-sweep

® Tracing

® Nodes and pointers that are reachable
from access pointers are marked as such




® Cleanup
® Unmarked nodes and pointers are removed

® |terating over everything is simple and cheap.
Proving it correct is hard!

® Tracers are more interesting - although cleanup
has turned out not to be quite simple




® |dea

® Trace from all access pointers in live
versions

® O(n) space, all garbage removed




Naive trace

tail | v1.0
v1.0
v10 | nl %
- head | v1.0
v2.0
: n2 V2.0 tail | v2.0
v 2.0
v3.0
: 3.0
v v :
v3.0 A/T\ v3.0 | n3 v3.0 tail | v3.0
v3.0 | n2 ————”
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Naive trace

tail | v1.0
v1.0
v10 | nl %
- head | v1.0
v2.0
n2 v2.0 tail | v2.0
v
v 2.0
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: 3.0
v v :
v3.0 4/\730\ v3.0 | n3 v3.0 tail | v3.0
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® |dea

® Trace from all access pointers in live
versions

® O(n) space, all garbage removed
® Why not O(n) time?

® Must trace from every access pointer to
possibly every node




® |dea

® (Collect all nodes and fields that are
completely dead

® O(n) time, O(v) space




move dead versions

40 v4.0 V4.0
. ‘
v40 | n1 v4.0 v40 | n2 V40 v40 | n3 v4.0 tail | v4.0
v40 | no v4.0 head | v4.0
v4.0
v4.5
Y :
vas | nl Va3 vas | m
v : A 4
. V45 - v4.5 :
V45| n0 head | v4.5 - : v45 | n3 va.5 tail | v4.5
v4.5
: v v
f V5.0 v50 | ni v30 v50 | n2 V5.0 v
X v5.0 .
v v5.0 v50 | n3 tail | v5.0
V5.0 V3.0
v5.0 | n0 - head | v5.0

v5.0




move dead versions

v5.0

40 v4.0 V4.0
va. -
V40 | n1 v4.0 v40 | n2 V4.0 V40 | n3 fe—Y40 tail | v4.0
v40 | n0 v4.0 head | v4.0
v4.0
v4.5
v Y 5
vas |l Ve vas | m
v : A 4
v4.5 - v4.5 :
V45| no head | v4.5 - : v45 | n3 va.5 tail | v4.5
v4.5
: v v
: V5.0 v50 | nl [ e v50 | n2 V3.0 v
X L v5.0 .
v v5.0 v50 | n3 < tail | v5.0
¥5.0 v5.0
v5.0 | n0 - head | v5.0




Remove dead versions

v45 | nl V45 vas | n2

v4.5

v45 | no V45 head | v4.5 v45 | n3 V4.3 tail | v4.5

v4.5




® |dea

® (Collect all nodes and fields that are
completely dead

® O(n) time, O(v) space

® Why does it not collect all garbage!?

® |nhaccessible nodes!




Remove dead versions

v45 | nl V4.5 vas | n2

v4.5

v45 | no V4.3 head | v4.5 v45 | n3 V4.3

A

tail | v4.5




® |dea

® Avoid time overhead of naive approach by
looking only at access pointers in a single
version every time

® O(n) time, O(n) space

® FEventually collects all garbage




® |dea

® Avoid time overhead of naive approach by examining
nodes and fields a constant number of times

® Use a priority queue to minimize duplicated effort

® O(n) space, collects all garbage

® O(nlogv) time




Can define an example where this method performs
incorrectly

The example cannot happen according to the textual
description of split node structures

We do not think the example is precluded by the invariants
that ensure that the split node structure maintains its
asymptotic behavior

Might be able to further classify types of structures that this
method works on, or improve the algorithm itself




Complicated data structures can make pointer-based
garbage collection ineffective

The split node method provides persistence at little
asymptotic cost to normal data structures

Split node structures can contain arbitrary amounts of
pointer reachable logical garbage

This garbage can be collected, but, to our knowledge,
not without tradeoffs
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What is garbage collection!?
Extending mark-split garbage collection
Challenges of complicated data structures

Persistent data structures

Split node method & garbage collection




