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Abstract v. physical serializability
• Linked list set implementation adds element 

to end of list

• Physical schedule results in (x,y,z) or (z,x,y)

• (x,z,y) violates atomicity of T1

• However, (x,z,y) is consistent with 
“abstract” serializabilty: both transactions 
insert their elements; the result, in terms of 
s.contains, is the same

• Permitting the “abstractly” serializable 
result can increase concurrency

Set s;

Txn T1:
atomic {
s.add(x);
s.add(y);

}

Txn T2:
atomic {
s.add(z);

}
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Abstract serializability

• Still need:

• conflict detection

• conflict resolution

• Set insertions must themselves happen 
atomically: (x,z) is not serializable either way

• Abstract conflicts must still be prevented
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Abstract v. physical serializability
• Abstract serializability 

allows (unordered) {w,x,y} 
or {w,x,z}

• If T1 sees z not in s, t2 must 
not insert z without 
serializing with T1

• T2 must either wait for T1 to 
complete or one of them 
must abort

Set s;

Txn T1:
atomic {
s.add(x);
if (!s.contains(z))
s.add(y);

}

Txn T2:
atomic {
s.add(w);
if (!s.contains(y))
s.add(z);

}
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Open nesting
• Supports abstract serializability

• Set operations implemented as openatomic actions 
that execute at a lower level of abstraction

• Individual set operations physically serializable, but 
once committed release memory resources to 
enhance concurrency

• Conflict detection via abstract locks:

• T1 must use abstract lock to assert absence of z

• T2 will try to obtain lock to insert z

• If both get past “if” at least one must abort
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Abort

• To abort an open nested action 
programmers provide a compensation action

• In the example, T1 must run an action that 
removes x

6



Atomic actions: syntax
(cf. Harris & Fraser)

atomic in place of synchronized

• succeeds: effects committed

• aborts: effects undone, action retried

• fails: effects undone, action not retried (for 
exceptions)

• (others vary in semantics of exceptions)
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Open atomic

Open atomicity as a property of classes:

• Can have openatomic methods; all public 
methods are implicitly so

• openatomic is inherited

• No public fields (else no access control)

• All fields implicitly openatomic, accessible 
only in openatomic methods
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Open atomic methods
Signified by one of following handler blocks:

• onabort: undo global effects of committed 
child when parent fails

• oncommit: cleanup action for committed 
child when parent succeeds

• onvalidation: high-level checking for 
committed child when parent commits

• ontopcommit: finalisation action for all 
committed descendents of a committing 
top-level action

9



Handler syntax

MethodBody:

Block OpenAtomicHandlersopt

OpenAtomicHandler:

onabort Block

oncommit Block

onvalidation Block

ontopcommit Block
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Open atomic methods

May also have a locks clause:

• abstract locks that open atomic method 
must acquire before it can return

MethodDeclaration:

MethodHeader LocksClauseopt MethodBody
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import java.util.*;
import java.openatomic.SXModes.*;
public openatomic class OpenMap implements Map {
private final Map map;
private final Object lock = new Object();
public OpenMap(Map map) { this.map = map; }
public Object get(Object key)
locks(key:S) { return map.get(key); }

public Object put(Object key, Object value)
locks(key:X, lock:IX) { return map.put(key, value); } 
onabort {
if (@result == null) map.remove(key);
else map.put(key, @result);

}
public Object remove (Object key)
locks(key:X, lock:IX) { return map.remove(key); }
onabort { if (@result != null) map.put(key, @result); }

public int size() locks(lock:S) { return map.size(); }
}

Example
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Log semantics:
closed nesting

• New transaction starts with a clean log

• Log reads/writes + old values for writes

• Closed nested commit appends log to 
parent

• Top-level commit discards log

• Abort processes log in reverse, restores 
writes
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Log semantics:
conflicts

• Neither action an ancestor of the other and 
both access a location in conflicting modes 
(i.e., at least one writes)

• Conflicting actions must not both commit 
and must never write same locations
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Log semantics:
open nesting

• Add handlers and abstract locks to logs

• Nested commit:

• invokes handlers (from children) in its log, 
in order, as open nested actions: 
onvalidation then oncommit

• ontopcommit handlers appended to 
parent log (invoked on top-level commit)

• appends own handlers/locks to parent log
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Log semantics:
nested abort

• Process log entries in reverse order:

• invoke onabort handlers (from children)

• undo writes

• writes to same location may be undone 
more than once to preserve view for 
interleaved handlers
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Log semantics:
abstract locks

Lock consists of:

• context object (or class) whose method 
was run as openatomic

• Locked object mentioned in lock 
expression

• Lock mode
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Log semantics:
lock conflict

• Same context (==)

• Same locked object (.equals)

• Conflicting modes, as defined by lock class

Action Ta acquiring lock conflicts with Th if Th is 
not an ancestor of Ta and lock by Ta conflicts 
with some lock in Th’s log
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Caveat Emptor
• Programmer errors bite!

• programmer must specify conflicts and 
compensations

• open nested aborts can deadlock

• Most problems arise because of mistakes in 
abstraction layering: accessing objects at 
different abstraction levels

• Avoiding mistakes can be achieved by 
observing guidelines that we hope to 
formalize (see paper)
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Experiments
• Wrap HashMap and TreeMap using 
synchronized, atomic, openatomic

• 16 “transactions”, each performing 4K puts:

• partitioned across available threads

• All keys are different (so no logical conflicts)

• 16-way (4x4) Xeon

• “Transaction”:

4. Experimental Results

To evaluate our system, we performed experiments using the stan-
dard HashMap and TreeMap data structures from the Java class
library. In particular, we compared the performance of synchronized
and atomic versions of these data structures with our new open nested
versions. The workload consists of long-running transactions of map
operations. In our experiments, we had 16 transactions, each consist-
ing of 4096 put operations.We executed these transactions in various
ways: all 16 serially in one thread; break them into groups, each group
executed serially on one thread, concurrently with the other groups;
or each transaction in its own thread, concurrent with all other trans-
actions. In any case, a transaction still consisted of 4096 operations,
which must be run as a single (large) atomic step. The code of each
transaction looks like this:

atomic {

for (int i = 0; i < 4096; i++)

map.put(key[i], value[i]);

}

All keys across all transactions are different: there is no logical

conflict. Ideally, if we run each transaction in a separate thread, we

should see no conflicts. However, there will be physical conflicts on

the shared internal state of the data structure, e.g., the buckets in the

hash map, or nodes in the red-black tree.

A transaction consisting of a massive sequence of library calls

is only one particular form of long-running transaction. Other long-

running transactions might have a small number of library calls, each

very time consuming. Although open nesting should also improve

scalability of such long transactions, we did not study them here.

For open nesting, we initializedmap usingOpenMap as described
in Section 2. For comparison, we used three other variants of the work-

load. For closed nesting, we initialized map using the AtomicMap
wrapper. For coarse-grained locking, we used the standard Java li-

brary class HashMap or TreeMap, changing the atomic keyword

to synchronized in the driver above. For the unsafe version, we
simply removed the atomic keyword from the code, and used the

standard Java library classes. We do not present data here for unsafe

code in multi-threaded cases, because such executions are incorrect.

We performed all experiments on a 16-way IBM xSeries 445 ma-

chine. This machine has 4 boards, each having 4 Intel Xeon processors

running at 2.2 GHz. Each processor has 8 KB L1 cache, 512 KB L2

cache, and 2MB L3 cache. Each board has a shared 64MB L4 cache.

Consider first our results for TreeMap, varying the atomicity

strategy and the number of threads, presented in Figure 10. We can

see that closed nesting does not scale very well for this benchmark:

it gives no speed-up compared to the unsafe single threaded version.

In closed nesting, the read/write sets of all child transactions are ap-

pended to the parent’s. Thus, if any child writes the root of the red-

black tree, it will conflict with other transactions, because all trans-

actions read the root. And any such conflict will cause the transac-

tion to abort and retry. Given the large number of put operations

in each transaction, such conflicts are essentially unavoidable, so the

transactions executed serially. Open nesting avoids this problem, so it

scales fairly well. With 4 or more threads, it beats the synchronized

import java.util.*;

public class AtomicMap implements Map {

private final Map map;

public AtomicMap(Map map) { this.map = map; }

public Object put(Object key, Object value) {

atomic { return map.put(key,value); }

}

...

}

Figure 9. A concurrent wrapper for Map using closed nesting
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Figure 10. 65536 put operations on a TreeMap
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Figure 11. 65536 put operations on a 128 bucket HashMap

version. With 4 or 8 threads, it is even faster than the unsafe single

thread version. This demonstrates that, given enough concurrency and

enough processors, open nesting’s scalability enables it to overcome

its overheads. Open nesting stops scaling after 4 threads, because the

intentional lock on the single global lock object per data strucutre

becomes a bottleneck and causes contention.

Now consider our results for HashMap. In this case, conflicts

usually occur in accessing buckets or linked list entries. We populated

the map before the long transaction of puts, so we avoided inserting
new entries. In other words, we only did in-place updates. Therefore,

we didn’t have conflicts due to the buckets; but we still had conflicts

due to linked list entries. If two keys are mapped to the same bucket,

a transaction writing an entry nearer the front of the list will cause

another transaction writing an entry nearer to the end of the list

to abort, because the second transaction must read the earlier entry

written by the first transaction in order to compare and find its entry to

write. Figure 11 shows the results for a HashMap with 128 buckets.

Closed nested transactions had huge read sets (from searching the

lists) and poor performance (because of the conflicts in updating

buckets’ list pointers). It stopped scaling after 8 threads. Open nesting

had smaller read sets and avoided the false conflicts due to linked list

traversals, so it scaled very well and obtained speed-up compared to

coarse-grained locking and unsafe code.

If we increase the number of buckets, we increase the concurrency

of the HashMap, and the performance of the various approaches

changes. Figure 12 shows results for a HashMap with 65536 buckets.
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Closed nested

4. Experimental Results

To evaluate our system, we performed experiments using the stan-
dard HashMap and TreeMap data structures from the Java class
library. In particular, we compared the performance of synchronized
and atomic versions of these data structures with our new open nested
versions. The workload consists of long-running transactions of map
operations. In our experiments, we had 16 transactions, each consist-
ing of 4096 put operations.We executed these transactions in various
ways: all 16 serially in one thread; break them into groups, each group
executed serially on one thread, concurrently with the other groups;
or each transaction in its own thread, concurrent with all other trans-
actions. In any case, a transaction still consisted of 4096 operations,
which must be run as a single (large) atomic step. The code of each
transaction looks like this:

atomic {

for (int i = 0; i < 4096; i++)

map.put(key[i], value[i]);

}

All keys across all transactions are different: there is no logical

conflict. Ideally, if we run each transaction in a separate thread, we

should see no conflicts. However, there will be physical conflicts on

the shared internal state of the data structure, e.g., the buckets in the

hash map, or nodes in the red-black tree.

A transaction consisting of a massive sequence of library calls

is only one particular form of long-running transaction. Other long-

running transactions might have a small number of library calls, each

very time consuming. Although open nesting should also improve

scalability of such long transactions, we did not study them here.

For open nesting, we initializedmap usingOpenMap as described
in Section 2. For comparison, we used three other variants of the work-

load. For closed nesting, we initialized map using the AtomicMap
wrapper. For coarse-grained locking, we used the standard Java li-

brary class HashMap or TreeMap, changing the atomic keyword

to synchronized in the driver above. For the unsafe version, we
simply removed the atomic keyword from the code, and used the

standard Java library classes. We do not present data here for unsafe

code in multi-threaded cases, because such executions are incorrect.

We performed all experiments on a 16-way IBM xSeries 445 ma-

chine. This machine has 4 boards, each having 4 Intel Xeon processors

running at 2.2 GHz. Each processor has 8 KB L1 cache, 512 KB L2

cache, and 2MB L3 cache. Each board has a shared 64MB L4 cache.

Consider first our results for TreeMap, varying the atomicity

strategy and the number of threads, presented in Figure 10. We can

see that closed nesting does not scale very well for this benchmark:

it gives no speed-up compared to the unsafe single threaded version.

In closed nesting, the read/write sets of all child transactions are ap-

pended to the parent’s. Thus, if any child writes the root of the red-

black tree, it will conflict with other transactions, because all trans-

actions read the root. And any such conflict will cause the transac-

tion to abort and retry. Given the large number of put operations

in each transaction, such conflicts are essentially unavoidable, so the

transactions executed serially. Open nesting avoids this problem, so it

scales fairly well. With 4 or more threads, it beats the synchronized

import java.util.*;

public class AtomicMap implements Map {

private final Map map;

public AtomicMap(Map map) { this.map = map; }

public Object put(Object key, Object value) {

atomic { return map.put(key,value); }

}

...

}

Figure 9. A concurrent wrapper for Map using closed nesting
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Figure 11. 65536 put operations on a 128 bucket HashMap

version. With 4 or 8 threads, it is even faster than the unsafe single

thread version. This demonstrates that, given enough concurrency and

enough processors, open nesting’s scalability enables it to overcome

its overheads. Open nesting stops scaling after 4 threads, because the

intentional lock on the single global lock object per data strucutre

becomes a bottleneck and causes contention.

Now consider our results for HashMap. In this case, conflicts

usually occur in accessing buckets or linked list entries. We populated

the map before the long transaction of puts, so we avoided inserting
new entries. In other words, we only did in-place updates. Therefore,

we didn’t have conflicts due to the buckets; but we still had conflicts

due to linked list entries. If two keys are mapped to the same bucket,

a transaction writing an entry nearer the front of the list will cause

another transaction writing an entry nearer to the end of the list

to abort, because the second transaction must read the earlier entry

written by the first transaction in order to compare and find its entry to

write. Figure 11 shows the results for a HashMap with 128 buckets.

Closed nested transactions had huge read sets (from searching the

lists) and poor performance (because of the conflicts in updating

buckets’ list pointers). It stopped scaling after 8 threads. Open nesting

had smaller read sets and avoided the false conflicts due to linked list

traversals, so it scaled very well and obtained speed-up compared to

coarse-grained locking and unsafe code.

If we increase the number of buckets, we increase the concurrency

of the HashMap, and the performance of the various approaches

changes. Figure 12 shows results for a HashMap with 65536 buckets.

• map is an AtomicMap:

21



Open nested

• map is an OpenMap, defined earlier
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• map is unmodified TreeMap/HashMap

• synchronized(map) instead of 
atomic :

Synchronized
4. Experimental Results

To evaluate our system, we performed experiments using the stan-
dard HashMap and TreeMap data structures from the Java class
library. In particular, we compared the performance of synchronized
and atomic versions of these data structures with our new open nested
versions. The workload consists of long-running transactions of map
operations. In our experiments, we had 16 transactions, each consist-
ing of 4096 put operations.We executed these transactions in various
ways: all 16 serially in one thread; break them into groups, each group
executed serially on one thread, concurrently with the other groups;
or each transaction in its own thread, concurrent with all other trans-
actions. In any case, a transaction still consisted of 4096 operations,
which must be run as a single (large) atomic step. The code of each
transaction looks like this:

atomic {

for (int i = 0; i < 4096; i++)

map.put(key[i], value[i]);

}

All keys across all transactions are different: there is no logical

conflict. Ideally, if we run each transaction in a separate thread, we

should see no conflicts. However, there will be physical conflicts on

the shared internal state of the data structure, e.g., the buckets in the

hash map, or nodes in the red-black tree.

A transaction consisting of a massive sequence of library calls

is only one particular form of long-running transaction. Other long-

running transactions might have a small number of library calls, each

very time consuming. Although open nesting should also improve

scalability of such long transactions, we did not study them here.

For open nesting, we initializedmap usingOpenMap as described
in Section 2. For comparison, we used three other variants of the work-

load. For closed nesting, we initialized map using the AtomicMap
wrapper. For coarse-grained locking, we used the standard Java li-

brary class HashMap or TreeMap, changing the atomic keyword

to synchronized in the driver above. For the unsafe version, we
simply removed the atomic keyword from the code, and used the

standard Java library classes. We do not present data here for unsafe

code in multi-threaded cases, because such executions are incorrect.

We performed all experiments on a 16-way IBM xSeries 445 ma-

chine. This machine has 4 boards, each having 4 Intel Xeon processors

running at 2.2 GHz. Each processor has 8 KB L1 cache, 512 KB L2

cache, and 2MB L3 cache. Each board has a shared 64MB L4 cache.

Consider first our results for TreeMap, varying the atomicity

strategy and the number of threads, presented in Figure 10. We can

see that closed nesting does not scale very well for this benchmark:

it gives no speed-up compared to the unsafe single threaded version.

In closed nesting, the read/write sets of all child transactions are ap-

pended to the parent’s. Thus, if any child writes the root of the red-

black tree, it will conflict with other transactions, because all trans-

actions read the root. And any such conflict will cause the transac-

tion to abort and retry. Given the large number of put operations

in each transaction, such conflicts are essentially unavoidable, so the

transactions executed serially. Open nesting avoids this problem, so it

scales fairly well. With 4 or more threads, it beats the synchronized

import java.util.*;

public class AtomicMap implements Map {

private final Map map;

public AtomicMap(Map map) { this.map = map; }

public Object put(Object key, Object value) {

atomic { return map.put(key,value); }

}

...

}

Figure 9. A concurrent wrapper for Map using closed nesting
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version. With 4 or 8 threads, it is even faster than the unsafe single

thread version. This demonstrates that, given enough concurrency and

enough processors, open nesting’s scalability enables it to overcome

its overheads. Open nesting stops scaling after 4 threads, because the

intentional lock on the single global lock object per data strucutre

becomes a bottleneck and causes contention.

Now consider our results for HashMap. In this case, conflicts

usually occur in accessing buckets or linked list entries. We populated

the map before the long transaction of puts, so we avoided inserting
new entries. In other words, we only did in-place updates. Therefore,

we didn’t have conflicts due to the buckets; but we still had conflicts

due to linked list entries. If two keys are mapped to the same bucket,

a transaction writing an entry nearer the front of the list will cause

another transaction writing an entry nearer to the end of the list

to abort, because the second transaction must read the earlier entry

written by the first transaction in order to compare and find its entry to

write. Figure 11 shows the results for a HashMap with 128 buckets.

Closed nested transactions had huge read sets (from searching the

lists) and poor performance (because of the conflicts in updating

buckets’ list pointers). It stopped scaling after 8 threads. Open nesting

had smaller read sets and avoided the false conflicts due to linked list

traversals, so it scaled very well and obtained speed-up compared to

coarse-grained locking and unsafe code.

If we increase the number of buckets, we increase the concurrency

of the HashMap, and the performance of the various approaches

changes. Figure 12 shows results for a HashMap with 65536 buckets.

synchronized (map)
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64K puts on a TreeMap
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64K puts on a HashMap
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64K puts on a HashMap

64K buckets
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