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Abstract

In parallel processing environments such as multiprocessor systems, pro-
cesses are synchronized using concurrent objects, which allow many concur-
rent processes to access them at the same time. The performance of these
concurrent objects heavily relies on the load conditions of the surrounding
environment (e.g. OS, other applications, interconnection network, etc.),
which are variant and unpredictable due to indeterministic interferences
among processes. Therefore, in order to minimize synchronization cost, a
major overhead in parallel applications, we need to construct efficient con-
current objects that can react to the environment variations in order to
achieve good performance under all possible system conditions. This thesis
presents two new reactive shared objects: the reactive multi-word compare-
and-swap object and the self-tuning reactive tree.

The multi-word compare-and-swap objects are powerful constructs, which
make the design of concurrent data objects much more effective and easier.
The reactive multi-word compare-and-swap objects are advanced objects
that dynamically measure the level of contention as well as the memory
conflicts of the multi-word compare-and-swap operations, and in response,
they react accordingly in order to guarantee good performance in a wide
range of system conditions. We present two algorithms that are non-blocking
(lock-free), allowing in this way a fast and dynamical behavior.

The self-tuning reactive trees distribute a set of processes to smaller
groups accessing different parts of the memory in a coordinated manner, and
moreover reactively adjust their size in order to attain efficient performance
across different levels of contention. We present a data structure that in an
on-line manner balances the trade-off between the tree traversal latency and
the latency due to contention at the tree leaves.

The experiments on the SGI Origin2000, a well-known commercial cc-
NUMA multiprocessor, showed that the new reactive objects achieve signif-
icant improvements compared to previous results.

Keywords: non-blocking, lock-free, reactive synchronization, online al-
gorithms, practical, distributed data structures, trees.
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Chapter 1

Introduction

Multiprocessor systems aim to support parallel computing environments,
where processes are running concurrently. In such parallel processing envi-
ronments, interferences among processes are inevitable, for instance, many
concurrent processes may cause high traffic on the bus/network, high con-
tention on a memory module or high load on a processor. These interferences
generate a variant and unpredictable environment to each process. On the
other hand, these processes widely interact with each other via shared con-
current objects, which allow many concurrent processes to access them at
the same time. The performance of these concurrent objects heavily relies on
the surrounding environment as well as the number of concurrent accesses.
For instance some complex objects like queue-locks are good for high load
environments, whereas others like test-and-set locks are good for low load
environments [27]. Therefore, it raises a question on constructing objects
that can react to the environment variations in order to achieve good perfor-
mance in all cases. We call such objects reactive shared objects. This thesis
presents two such objects: the reactive multi-word compare-and-swap object
and the self-tuning reactive tree.

This chapter briefly presents the background for the thesis. The next sec-
tion describes shared memory multiprocessor systems. Section 1.2 presents
synchronization issues and concepts in such multiprocessor systems. Sec-
tion 1.3 describes some data structures used to alleviate contention on shared
objects. Section 1.4 presents an approach to construct high performance
shared objects. Section 1.5 presents the contributions of this thesis.
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1.1 Shared Memory Multiprocessor Systems

Nowadays, multiprocessor systems are widely spread. They appear not only
in supercomputers but also in desktops. Intuitively, a multiprocessor system
can be considered as “a collection of processing elements that communicate
and cooperate to solve large problems fast” [9]. This description shows the
significant role of communication architecture, which can be based on shared
memory or message passing. In shared memory multiprocessor systems, pro-
cessors communicate by writing and reading shared variables in the common
memory address space, which is shared among processors. In message pass-
ing systems, the communication is done via sending and receiving messages.

In general, the architecture of shared memory multiprocessor systems
can be depicted by Figure 1.1

Mem Mem Mem Mem

[ Interconnection network j

D o® - 6

Figure 1.1: The shared memory multiprocessor, where P is a processor and

Mem is a memory bank

Depending on the features of interconnection network and the distribu-
tion of memory banks, we can classify shared memory multiprocessor sys-
tems into two subclasses: uniform memory access (UMA) and non-uniform
memory access (NUMA).

1.1.1 Uniform Memory Access (UMA)

In the UMA systems, the latency of accesses from any processor to any
memory bank is the same. The interconnection networks often used in
UMA systems are of bus and crossbar-switch types.

In bus-based UMA systems as depicted in Figure 1.2, all processors ac-
cess the memory banks via a central bus and thus the bus becomes a bottle-
neck when the number of processors increases. Because the bandwidth of the
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bus is still fixed when adding more processors to the bus, the average band-
width for each processor decreases as the number of processors increases.
Therefore, the bus-based architecture limits the scalability of these systems.

Mem Mem Mem Mem

C Shared Bus )

Figure 1.2: The bus-based UMA systems

Unlike bus-based UMA systems, crossbar-switch based UMA systems
increase the aggregate bandwidth when adding new processors to the sys-
tems. As depicted in Figure 1.3, each processor in such systems has an
interconnection to each memory bank. Therefore, bandwidth is not a prob-
lem to the crossbar-switch based systems when adding new processors, but
the problem is to expand the switch, where the cost increment is quadratic
to the number of ports.

Mem Crossbar switch

Mem

Mem

Mem

Figure 1.3: The crossbar-switch based UMA systems

Because it is expensive to design scalable UMA systems, an alternative
design called non-uniform memory access systems was suggested.
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1.1.2 Non-Uniform Memory Access (NUMA)

As its name mentions, the NUMA systems have different latencies from
processors to memory banks among the processors. In the systems, the
shared memory banks are distributed among processors so that accessing
local memory is faster than accessing remote memory. Even though the
physical memory banks are distributed, the same virtual address space is
shared by the whole system and the memory controllers take care of the
mapping from the virtual address space to the physical distributed mem-
ory banks. Such memory architecture is called distributed shared memory
(DSM). The NUMA architecture reduces both the average access time and
the bandwidth demand on the interconnection network because requests to
local memory banks are executed locally.

Moreover, in order to increase performance and reduce the memory ac-
cess time, cache is exploited in modern systems. The data from memory are
replicated into caches and the systems support means to keep the caches
consistent. Such a system is called cache-coherent non-uniform memory
access (ccNUMA).

The SGI Origin 2000 [26], which is used for the experiments in this
thesis, is a commercial ccNUMA machine. The machine can support up
to 512 nodes, which each contains 2 MIPS R10000 processors and up to
4GB of memory. The machine uses distributed shared memory (DSM) and
maintains cache-coherence via a directory-based protocol, which keeps track
of the cache-lines from the corresponding memory. A cache-line consists of
128 bytes. The machine architecture is depicted in Figure 1.4

1.1.3 Synchronization Primitives and Consensus Numbers

In order to synchronize processes running on the shared memory multipro-
cessor systems, the systems support some strong synchronization primitives.
The concept “consensus number’ is used to determine how strong a syn-
chronization primitive is.

Consensus number: A synchronization primitive with consensus num-
ber n can achieve consensus among n processes even if up to n — 1 processes
stop [38].

According to the consensus classification, read/write registers have con-
sensus number 1, i.e. they cannot tolerate any faulty processes. There are
some primitives with consensus number 2 and some with infinite consensus
number. In this subsection, we present only the primitives used in this thesis.
The synchronization primitives related to our algorithms are two primitives
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Single node

Mem & Directory

I

Hub

—

R10000 R10000

Figure 1.4: The SGI Origin 2000 architecture with 32 processors, where R
is a router.

with consensus number 2: test-and-set (TAS) and fetch-and-op (FAO) and
two primitives with infinite consensus number: compare-and-swap (CAS)
and load-linked/validate/store-conditional (LL/VL/SC). The definitions of
the primitives are described in Figure 1.5, where z is a variable, v, old, new
are values and op can be the operator add or xor.

For the systems that support weak LL/SC' such as the SGI Origin2000
or the systems that support CAS such as the SUN multiprocessor machines,
we can implement the LL/VL/SC instructions algorithmically [30]. Because
both LL/SC and CAS are primitives with infinite consensus number, or
universal primitives, one primitive can be implemented from the other.

Multi-word compare-and-swap operation (CASN): Consider the multi-
word compare-and-swap operations (CASNs) that extend the single-word
compare-and-swap operations from one word to many. A single-word compare-
and-swap operation (CAS) takes as input three parameters: the address, an
old value and a new value of a word, and atomically updates the contents of
the word if its current value is the same as the old value. Similarly, an N-
word compare-and-swap operation takes the addresses, old values and new

'The weak LL/SC instructions allow the SC instruction to return false even though
there was no update on the corresponding variable since the last LL.
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TAS(z) /* init: x — 0 */

LL(2){

atomically{ return the value of = so that it may
oldx — w; be subsequently used with SC
re 1 }
return oldzx;
} VL(z)
atomically {
FAO(z,v) if (no other process has written to x
atomically { since the last LL(x))
oldx «— x; return(true);
x — op(z,v); else return(false);
return(oldr) }
}
SC(z,v)

CAS(z,old, new)
atomically {

atomically {
if (no other process has written to x

if(z = old) since the last LL(x))
T — new; x — v; return(true);
return(true); else return(false);

else return(false); }

}

Figure 1.5: Synchronization primitives

values of NV words, and if the current contents of these N words all are the
same as the respective old values, the CASN will update the new values to
the respective words atomically. Otherwise, we say that the CAS/CASN
fails, leaving the variable values unchanged. It should be mentioned here
that different processes might require different number of words for their
compare-and-swap operations and the number is not a fixed parameter. Be-
cause of this powerful feature, CASN makes the design of concurrent data
objects much more effective and easier than the single-word compare-and-
swap [15, 13, 14].

1.2 Synchronization
In shared memory multiprocessor systems, processes communicate by writ-

ing and reading shared variables or shared objects. In order to guarantee
the consistency of the object state/value, the conventional method is to use
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mutual exclusion, which allows only one process to access the object at one
time.

Figure 1.6 illustrates a scenario where the shared object value becomes
inconsistent due to parallel processing. The procedure increment() is used
to count how many processes that have run so far and each process calls the
procedure at the beginning. The figure shows points in time when events are
executed on process 1 and process 2, where process 2 starts after process 1.
The result that process 2 gets is 0, which is incorrect because there is already
a process, process 1, starting before process 2. This problem can be solved
by using procedure increment’() instead of increment(). The procedure
increment’() uses a lock to protect the shared variable counter: only one
process that has successfully acquired the lock can access the shared variable.
All other processes have to wait until the lock is released. The method using
locks to protect the critical section is called mutual exclusion.

ALGORITHM A: ALGORITHM B:
shared counter := 0; shared counter := 0, lock := 0;
increment(){ increment’(){
t := counter;, acquire(lock); /* synch. point */
counter :=t+ 1; t := counter;
return ¢; counter :=t+ 1;
} release(lock);
return t;
t=counter=0 counter=t+1=1
process 1 ° ° - result =0
t=counter=0 counter =t+1 =1 )
process 2 ° e  » result=0,incorrect

Figure 1.6: An inconsistency scenario and its solution using mutual exclusion

1.2.1 Mutual Exclusion

The purpose of mutual exclusion methods is to resolve conflicting accesses
to shared objects. A program using mutual exclusion normally consists of 4
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sections:
Noncritical section: contains the code not accessing the shared objects.

Entry section: contains the code responsible for resolving the conflict among
concurrent processes so that only one can pass by this section and all
other processes have to wait here until the winner leaves the critical
section.

Critical section: contains the code used when accessing the shared ob-
jects.

Exit section: contains the code to inform other waiting processes that the
winner has left the critical section.

Therefore, the mutual exclusion algorithm consists of two sections Entry
and Fxit. All mutual exclusion algorithms must satisfy the two following
requirements [2]:

Exclusion : only one process can enter the critical section at one time.

Livelock-freedom : if there are some processes in the entry section, one
process will eventually enter the critical section.

Moreover, an efficient mutual exclusion algorithm should generate small
overhead, i.e delay time, due to the execution of entry and exit sections.

In systems where many processes can be executed concurrently by the
same processor, there are two options for waiting processes in the entry
section: blocking or busy-waiting. In the blocking mode, the waiting process
yields the processor to other processes to execute useful tasks, but the system
has to pay the context-switching cost to switch the waiting process from the
running state to the suspended state. In busy-waiting mode, the waiting
process continuously spins on the lock protecting the critical section so that
it can acquire the lock as soon as the lock is released. However, the busy-
waiting protocol wastes processor time for a useless task: spinning on the
lock. Therefore, an efficient spin-lock algorithm should be in spinning mode
when the waiting time is short and should switch to blocking mode when
the waiting time is long. However, the waiting time, the time the lock will
be held, is normally unknown in prior to the decision point. There are many
research results on this problem [23, 1, 5, 24|, especially Karlin et al. [24]
presented five competitive strategies for determining whether and how long
to spin before blocking.
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In systems where processes are executed on different processors, the
blocking mode does not seem necessary, i.e. context switching is not nec-
essary. However, spinning may cause another problem if the protocol con-
tinuously executes read-modify-write operations on the lock, as it generates
a lot of network traffic. A simple implementation of a spin-lock is depicted
in Figure 1.7. This implementation will generate a lot of network traffic
because the T'AS primitive requires a “write” permission and even if it fails
to update the variable lock, it also causes a read-miss in cache-coherent
multiprocessor systems. All processors with the read-miss will concurrently
access the variable to read its unchanged value again, causing a burst on
the memory module containing the variable and the memory bus. There-
fore, continuously executing T'AS inside the while-loop will generate very
high load on the memory module and thus will slow down all accesses to
other non-conflicting variables on this memory module as well as to the
interconnection network.

shared lock = 0;
acquire(){ while (T AS(lock) = 1); }
release(){ lock :=0; };

Figure 1.7: Spin-lock using test-and-set

Test-and-test-and-set: In order to reduce the surge load caused by
TAS, another implementation is suggested, which is depicted in Figure 1.8.
The difference between the two implementations is that the latter executes
TAS only if the lock is available, i.e. lock # 1. In cache-coherent multi-
processor systems, the lock variable will be cached at each processor and
thus reading the variable does not cause any network traffic. This change
significantly improves performance of the spin-lock.

acquire(){ while (lock = 1 or TAS(lock) =1); }

Figure 1.8: Spin-lock using test-and-test-and-set

Backoff: However, continuously reading the cached variable still causes
a surge load on the memory module containing the variable when its value
is changed. When the lock is released, all other spinning processors will
concurrently try to execute T'AS on the variable, causing a huge network
traffic like the spin-lock using test-and-set. In order to avoid the situation
where all processors concurrently realize that the lock is available, a delay is
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inserted between two consecutive iterations. How long the delay should be
is still an interesting issue. Anderson [5] suggested the exponential backoff
scheme, where the delay on each processor will be doubled up to a limit every
time the processor reads the unavailable lock. The backoff scheme seems to
work in practice, but it needs manually tuned parameters for the starting
delay and the upper limit of the delay. Inaccurately chosen parameters will
significantly affect the performance of the spin-lock.

Queue-lock: Even though the spin-lock protocol has been improved a
lot to reduce the network traffic, it still needs to spin on a common lock.
Many research results on local spin-locks have been published, and the most
practical ones are queue-locks [5, 12, 28]. The idea is that each processor
spins on a separate variable and thus the variable will be cached at the cor-
responding processor. These spin-variables are linked together to construct
a waiting queue. When the winner releases the lock, it will inform the first
processor in the waiting queue by writing a value to the processor’s spin-
variable. Because only one processor is informed that the lock is available,
no conflict among waiting processors occurs when releasing the lock.

Algorithms using only Read/Write: All aforementioned mutual ex-
clusion algorithms exploit strong synchronization primitives such as T AS,
FAO and CAS. Another major research trend on mutual exclusion is to
design mutual exclusion algorithms using only Read and Write operations.
The trend was initiated by Lamport’s fast mutual exclusion algorithm [25],
which then was generalized to the splitter element [2]. Figure 1.9 describes
the splitter and its implementation. The beautiful feature of the splitter is
that if n concurrent processes enter the splitter, the splitter will split the set
of concurrent processes such that: i) at most one stops at the splitter, ii) at
most n — 1 processes go right and iii) at most n — 1 processes go down.

That means if we have a complete binary tree of splitters with depth
n —1, all n concurrent processes entering at the root of the tree will be kept
within the tree and each splitter will keep at most one process.

Drawbacks: Even though many researchers have tried to make the mu-
tual exclusion algorithm efficient, the concept of lock-based synchronization
itself contains inevitable drawbacks:

Risk for deadlock: If the process that is keeping the lock suddenly crashes
or cannot proceed to the point where it releases the lock, all other
processes waiting for the lock to be released will wait forever.

Risk for lock convoy: In lock-based synchronization, one process slowing
down can make the whole system consisting of many processors slow
down. If the process that is keeping the lock is delayed or preempted,
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n
1 n-1
——
stop -
shared Y := 0, X; right
splitter(pid){
X = pid; ~
if Y # 0 then return Right; n-1| down
else
Y = pid;

if X # pid then return Down;
else return Stop;

Figure 1.9: The splitter element

other processes waiting for the lock have to suffer the delay or the
preemption even though they may run on other independent and fast
processors.

Risk for priority inversion: In real-time systems, a high-priority task
must be executed before lower-priority tasks in order to meet its dead-
line. However, if the tasks communicate using lock-based synchroniza-
tion, a low-priority task can delay a higher-priority task even if they
do not share any objects.

For example, assume there are three tasks 14,715,753, where T} has
the highest priority and T3 has the lowest priority. 77 and T3 share a
resource protected by a lock. Assume that T3 acquires the lock and
thus 77 will be delayed by T3 until T3 releases the lock. Before T3
releases the lock, T with higher priority than 73 will delay 73 and
thus delay T7. We see that even though 77 and 75 do not share any
resource, the lower priority task 75 can delay the higher priority task
7.
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Because of the drawbacks of the lock-based synchronization, an alterna-
tive called non-blocking synchronization was suggested and introduced major
research problems.

1.2.2 Non-Blocking Synchronization

To address the inherent drawbacks of locking, researchers have proposed
non-blocking algorithms for implementing shared data objects. Non-blocking
methods do not involve mutual exclusion, and therefore do not suffer from
the problems that blocking can cause. Non-blocking algorithms are either
lock-free or wait-free.

Lock-free implementations guarantee that regardless of the contention caused
by concurrent operations and the interleaving of their sub-operations,
always at least one operation will progress.

A universal methodology to construct a lock-free implementation from
the sequential code of a shared object was suggested in [20]. Each
process generates a copy of the shared object, manipulates on the
copy and eventually makes the copy become the current shared object
if there is no interference with other processes on the object since
the time it generated the copy. If there was interference, the update
will fail and the process has to start the procedure again until the
update succeeds. The update normally uses universal primitives such
as compare-and-swap or load-linked/store-conditional.

However, there is a risk for starvation as the progress of other opera-
tions could cause one specific operation to never finish.

Wait-free algorithms [19] are lock-free and moreover they avoid starvation
as well. In a wait-free algorithm every operation is guaranteed to finish
in a limited number of steps, regardless of the actions of the concurrent
operations.

A technique called helping [19] is often used to avoid starvation and
achieve waitfreeness. Briefly, each process announces what it will be
doing on the shared object and before executing its own operations,
it has to check if there are any announced operations that have not
completed yet. If so, it has to help the pending operations finish first.

The disadvantages of the universal methodology are the high cost for
copying large objects and the loss of disjoint-access-parallelism. The disjoint-
access-parallelism [22] means that processes accessing no common portion
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of the shared data should be able to progress in parallel. Therefore, many
research results have been on constructing efficient lock-free/wait-free im-
plementations for specific data structures [39, 29, 22, 18, 3, 32, 31].

Linearizability : In non-blocking synchronization, many object opera-
tions can be executed concurrently, so it is more complicated to reason
about the correctness of a design than in the lock-based ones, where the
object operations are obviously sequential according to the order of the lock
acquirements. Therefore, the concept of linearizability [21] is used as the
correctness condition for non-blocking objects. Basically, the linearizability
requires that the object operation appears to take effect instantaneously at
some point in time between its invocation and its response. Therefore, given
a history of concurrently executed operations on the shared object, we can
always find a sequential execution of the operations that generates the same
result.

Non-blocking algorithms have been shown to be of big practical impor-
tance [36, 37|, and recently NOBLE, which is a non-blocking inter-process
communication library, has been introduced [35].

1.3 Counting and Balancing Networks

As we have seen above, the performance of operations on the shared objects
is much improved if the contention on those objects is not too high. With
the idea in mind, many researchers have focused on constructing some spe-
cial data structures that can alleviate the contention on the shared objects
by evenly distributing processes into small groups, each of which accesses
different objects in a coordinated manner.

Many counting and balancing networks [6, 10, 16, 34] aim at the mul-
tiprocessor coordination problems. The counter is a nice illustration for
the coordination problems. Aspnes et al. presented two counting networks
called Bitonic counting network and Periodic counting network in [6]. The
bitonic counting network Bitoniclk] depicted in Figure 1.10 is inductively
built from two components Bitonic[k/2] and one component Merger|k],
where Bitonic[l] directly passes its inputs to its outputs. Merger[k] is in-
ductively built from two Merger|k/2] and k/2 balancer B, where Merger|2]
consists of one balancer. The balancer is a toggle mechanism, which, given
a stream of input tokens, repeatedly sends one token to the top output
and one to the bottom output. The top (bottom) Merger[k/2] receives k/2
even (odd) numbered outputs from the top Bitonic[k/2] and k/2 odd (even)
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numbered outputs from the bottom Bitonic[k/2] , respectively. Each pair
of the i'" outputs from the top Merger[k/2] and the bottom Merger[k/2]
are inputs of a balancer.

MERGER[8] BLOCK(g]

BLOCK([4]

W N R o

1 BITONIC[4] ; MERGER[4]
|

BLOCK(S] BLOCK(8]

BLOCK([4]

~Nou s

5 BITONIC[4] ! MERGER[4]

Figure 1.10: (A): The bitonic counting network with 8 inputs/outputs,
Bitonic[8]; (B): The periodic counting network, Periodic[8]. B is the bal-
ancer

The periodic counting network Periodic|k] depicted in Figure 1.10 con-
sists of log(k) Block[k] networks, where the i output of one is the i'* input
of the next. Each Block[k] network is inductively built from two Block[k/2]
and k/2 balancers. Given a sequence, input of the top Block|[k/2] is the sub-
sequence whose indices have two low-order bits 00 or 11. Similarly, input of
the bottom Block[k/2] is the subsequence whose indices have two low-order
bits 01 or 10. Each pair of the i** outputs from the top Block[k/2] and the
bottom Block[k/2] are inputs of a balancer.

Shavit and Zemach presented counting networks called Diffracting trees [34].
Wattenhofer and Widmayer also proved a lower bound on the number of
messages that processors must exchange in a distributed asynchronous count-
ing mechanism, where the counter is increased by broadcasting a request
message [40]. Since Chapter 3 of this thesis relates to diffracting trees, we
focus on this data structure here.

Diffracting trees [34] are well-known distributed data structures. Their
most significant advantage is the ability to distribute a set of concurrent
processes to many small groups locally accessing shared data in a coordi-
nated manner. Each process(or) accessing the tree can be considered as
leading a token that follows a path from the root to the leaves. Each node
is a computing element receiving tokens from its single input (coming from
its parent node) and sending out tokens to its outputs; it is called balancer
and acts as a toggle mechanism which, given a stream of input tokens, al-
ternately forwards them to its outputs, from left to right (sending them to
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the left and right child nodes, respectively). The result is an even distribu-
tion of tokens at the leaf nodes. Diffracting trees have been introduced for
counting-problems, and hence the leaf nodes are counters, assigning numbers
to each token that exits from them.

However, the fixed-size diffracting tree is optimal only for a small range
of contention levels. To solve this problem Della-Libera and Shavit proposed
the reactive diffracting trees, where each node can shrink (to a counter) or
grow (to a subtree with counters as leaves) according to the current load, in
order to attain optimal performance [10].

—0 a E:4, AO
@AEA, C:2, A0

a F:5, B1
1
F.E,D,C,B,A
@

L H @H D3
(A) (B)

Figure 1.11: Diffracting tree (A) and reactive diffracting tree (B)

F,E,D,C,B, A

Figure 1.11(A) shows an example of a diffracting tree. The set of proces-
sors A, B,C, D, E, F is balanced on all counters where counters C'4,C6 are
accessed by only two processors and counters C'5, C'7 by only one processor.
Tokens passing one of these counters receive integers i, ¢ +4, ¢ + 2% 4, ---
where 7 is initial value of the counter. In tree (A), processors A, B,C, D, E, F
receive integers 0, 1,2, 3,4, 5, respectively. Even though the processors ac-
cess separate shared data (counters), they still receive numbers that form a
consecutive sequence of integers as if they would have accessed a centralized
counter.

Trees (A) and (B) in Figure 1.11 depict the folding action of a reactive
diffracting tree. Assume that at the beginning the reactive diffracting tree
has the shape like tree (A). If the loads on two counters C4 and C5 are
small, the sub-tree whose root is B2 shrinks to counter C2 as in tree (B). If
the sequence of processors A, B,C, D, E, I traverse the reactive diffracting
tree (B), three processors A, C, E will visit counter C2. That is, the latency
for processors to go from the root to the counter decreases and the load on
counter C2 increases.
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1.4 Reactive Shared Objects

Multiprocessor systems aim to support parallel computing environments,
where processes run concurrently. In such parallel processing environments,
interferences among processes are inevitable, for instance, many concurrent
processes may cause high traffic on the bus/network, high contention on a
memory module or high load on a processor. These interferences generate
a variant and unpredictable environment to each process. On the other
hand, these processes widely interact with each other via shared concur-
rent objects, which allow many concurrent processes to access them at the
same time. The performance of these concurrent objects heavily relies on
the surrounding environment as well as the number of concurrent accesses.
For instance some complex objects like queue-locks are good for high load
environments, whereas others like test-and-set locks are good for low load
environments [27]. Therefore, it raises the question of constructing objects
that can react to the environment variations in order to achieve good per-
formance in all cases. We call such objects reactive shared objects.

A simple example of reactive synchronization is the spin-lock using test-
and-test-and-set with exponential backoff (I'T'SE) [5]. In the spin-lock,
every time a waiting process reads a busy-lock, i.e. there is probably high
contention, it will double its delay in order to reduce contention. Five com-
petitive lock-constructing strategies for determining whether and how long
to spin before blocking by Karlin et al. [24] are also reactive. A reactive
spin-lock that can switch from spin-lock using TTSFE to a complex local-
spin queue-lock when the contention is considered high was suggested by
Lim [27]. As mentioned in Section 1.3, Della-Libera and Shavit proposed
the reactive diffracting trees, where each node can shrink (to a counter) or
grow (to a subtree with counters as leaves) according to the current load, in
order to attain optimal performance [10].

However, most of these reactive policies rely on either some manually
tuned thresholds or known probability distributions of some unpredictable
inputs. The backoff scheme in the TT'SE algorithm requires two manually
tuned parameters called base delay and delay upper limit. Karlin’s compet-
itive strategies in [24] rely on either SpinThreshold, which may be tuned
using process context-switching time on a specific system, or a probability
distribution Dj, of lock-waiting time. Lim’s reactive spin-lock [27] relies
on two thresholds called tts_retry_limit and queue_empty_limit to switch
the current protocol from TT'SE to queue-lock and vice versa. Lim’s reac-
tive waiting algorithm [27] relies on a waiting time distribution. The reac-
tive diffracting trees [10] rely on three manually tuned parameters, namely
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folding /unfolding thresholds and the time-intervals for consecutive reaction
checks.

Unfortunately, these parameter values depend on the multiprocessor sys-
tem in use, the applications using the objects and, in a multiprogramming
environment, on the system utilization by the other programs that run con-
currently. The programmer has to fix these parameters manually, using
experimentation and information that is commonly not easily available (fu-
ture load characteristics). The fized parameters cannot support good re-
active schemes in dynamic environments such as multiprocessor systems,
where the traffic on buses, the contention on memory modules, and the load
on processors are unpredictable to one process. For those relying on as-
sumed distributions, the algorithms use too strong assumptions. Generally,
the inputs in the dynamic environment like waiting time distributions for a
shared object are unpredictable.

Ideally, reactive algorithms should be able to observe the changes in the
environment and react accordingly. Based on that purpose, online algo-
rithms and competitive analysis seem to be a promising approach.

1.4.1 Online Algorithms

Online problems are optimization problems, where the input is received on-
line and the output is produced online so that the cost of processing the
input is minimal or the outcome is best. If we know the whole input in ad-
vance, we may find an optimal offline algorithm OPT processing the whole
input with minimal cost. In order to evaluate how good an online algorithm
is, the concept competitive ratio is used.

Competitive ratio : An online algorithm ALG is considered c-competitive
if there exists a constant o such that for any finite input I [8]:

ALG(I) < ¢-OPT(I) + « (1.1)

where ALG(I) and OPT(I) are the costs of the online algorithm ALG and
the optimal offline algorithm OPT to service input I, respectively.

A popular way to analyze an online algorithm is to consider a game be-
tween an online player and a malicious adversary. In this game, i) the online
player applies the online algorithm on the input generated by the adversary
and ii) the adversary with the knowledge of the online algorithm tries to
generate the worst possible input whose processing cost is very expensive
for the online algorithm but inexpensive for the optimal offline algorithm.
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Adversary : For deterministic online algorithms, the adversary with the
knowledge of the online algorithm can generate the worst possible input to
maximize the competitive ratio. However, the adversary cannot do that if
the online player uses randomized algorithms. In randomized algorithms,
depending on whether the adversary can observe the output from online
player to construct the next input, we classify the adversary into two cate-
gories:

Oblivious: the adversary constructs the whole input sequence in advance
regardless of the output produced by the online player. A randomized
online algorithm is c-competitive to an oblivious adversary if

E[ALG(I)] < c¢-OPT(I) + « (1.2)

where E[ALG(I)] is the expected cost of the randomized online algo-
rithm ALG on the input 1.

Adaptive: the adversary observes the output produced by the online player
so far and then based on that information constructs the next in-
put element. If the adversary processes the input sequence, which is
determined after the online player finished, using an optimal offline
algorithm, it is called adaptive-offline adversary. A randomized online
algorithm is c-competitive to an adaptive-offline adversary if

E[ALG(I) — ¢- OPT(I)] < a (1.3)

If the adversary processes the input sequence online, it is called adaptive-
online adversary. A randomized online algorithm is c-competitive to
an adaptive-online adversary if

E[ALG(I) —c-ADV(I)] < « (1.4)
where ADV (I) is the adversary cost to process input I.

In conclusion, the competitive analysis is a promising approach to resolve
the problems where i) if we had some information about the future, we
could find an optimal solution, and ii) it is impossible to obtain that kind
of information.

1.5 Contributions

We have accomplished the followings:
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e We have designed two fast and reactive lock-free multi-word compare-
and-swap algorithms. The algorithms dynamically measure the level of
contention as well as the memory conflicts of the multi-word compare-
and-swap operations, and in response, they react accordingly in order
to guarantee good performance in a wide range of system conditions.
The algorithms are non-blocking (lock-free), thereby allowing a fast
and dynamical behavior. Experiments on thirty processors of an SGI
Origin2000 multiprocessor show that both our algorithms react quickly
to contention variations and outperform the best-known alternatives
under almost all contention conditions.

e We have developed self-tuning reactive distributed trees, which not
only distribute a set of processes to smaller groups accessing differ-
ent parts of the memory in a coordinated manner, but also reactively
adjust their size in order to attain efficient performance across dif-
ferent levels of contention. We present a data structure that in an
on-line manner balances the trade-off between the tree traversal la-
tency and the latency due to contention at the tree leaves. Moreover,
the fact that our method can expand or shrink a subtree several levels
in any adjustment step has a positive effect on the efficiency. This fea-
ture helps the self-tuning reactive tree minimize the adjustment time,
which affects not only the execution time of the process adjusting the
size of the tree, but also the latency of all other processes travers-
ing the tree at the same time. Our experimental study compared the
new trees with the reactive diffracting ones on the SGI Origin2000, a
well-known commercial ccNUMA multiprocessor. This study showed
that the self-tuning reactive trees i) select the same tree depth as the
reactive diffracting trees do; ii) perform better and iii) react faster.
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Abstract

Shared memory multiprocessor systems typically provide a set of hard-
ware primitives in order to support synchronization. Generally, they pro-
vide single-word read-modify-write hardware primitives such as compare-
and-swap, load-linked/store-conditional and fetch-and-op, from which the
higher-level synchronization operations are then implemented in software.
Although the single-word hardware primitives are conceptually powerful enough
to support higher-level synchronization, from the programmer’s point of view
they are not as useful as their generalizations to the multi-word objects.

!This paper appeared in the Journal of Instruction-Level Parallelism, Vol. 6 (2004), No.
(Special Issue with selected papers from the 12th IEEE/ACM International Conference on
Parallel Architectures and Compilation Techniques), Al Access Foundation and Morgan
Kaufmann Publishers.
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This paper presents two fast and reactive lock-free multi-word compare-
and-swap algorithms. The algorithms dynamically measure the level of con-
tention as well as the memory conflicts of the multi-word compare-and-swap
operations, and in response, they react accordingly in order to guarantee good
performance in a wide range of system conditions. The algorithms are non-
blocking (lock-free), allowing in this way fast dynamical behavior. FExperi-
ments on thirty processors of an SGI Origin2000 multiprocessor show that
both our algorithms react quickly according to the contention variations and
outperform the best known alternatives in almost all contention conditions.

2.1 Introduction

Synchronization is an essential point of hardware/software interaction. On
one hand, programmers of parallel systems would like to be able to use
high-level synchronization operations. On the other hand, the systems can
support only a limited number of hardware synchronization primitives. Typ-
ically, the implementation of the synchronization operations of a system is
left to the system designer, who has to decide how much of the functionality
to implement in hardware and how much in software in system libraries.
There has been a considerable debate about how much hardware support
and which hardware primitives should be provided by the systems.

Consider the multi-word compare-and-swap operations (CASNs) that ex-
tend the single-word compare-and-swap operations from one word to many.
A single-word compare-and-swap operation (CAS) takes as input three pa-
rameters: the address, an old value and a new value of a word, and atom-
ically updates the contents of the word if its current value is the same as
the old value. Similarly, an N-word compare-and-swap operation takes the
addresses, old values and new values of N words, and if the current contents
of these NV words all are the same as the respective old values, the CASN will
update the new values to the respective words atomically. Otherwise, we say
that the CAS/CASN fails, leaving the variable values unchanged. It should
be mentioned here that different processes might require different number of
words for their compare-and-swap operations and the number is not a fixed
parameter. Because of this powerful feature, CASN makes the design of
concurrent data objects much more effective and easier than the single-word
compare-and-swap [15, 13, 14]. On the other hand most multiprocessors
support only single word compare-and-swap or compare-and-swap-like op-
erations e.g. Load-Linked/Store-Conditional in hardware.

As it is expected, many research papers implementing the powerful
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CASN operation have appeared in the literature [3, 4, 18, 22, 31, 32]. Typi-
cally, in a CASN implementation, a CASN operation tries to lock all words
it needs one by one. During this process, if a CASN operation is blocked
by another CASN operation, then the process executing the blocked CASN
may decide to help the blocking CASN. Even though most of the CASN de-
signs use the helping technique to achieve the lock-free or wait-free property,
the helping strategies in the designs are different. In the recursive helping
policy [3, 18, 22], the CASN operation, which has been blocked by another
CASN operation, does not release the words it has acquired until its failure
is definite, even though many other not conflicting CASNs might have been
blocked on these words. On the other hand, in the software transactional
memory [31, 32] the blocked CASN operation immediately releases all words
it has acquired regardless of whether there is any other CASN in need of
these words at that time. In low contention situations, the release of all
words acquired by a blocked CASN operation will only increase the execu-
tion time of this operation without helping many other processes. Moreover,
in any contention scenario, if a CASN operation is close to acquiring all the
words it needs, releasing all its acquired words will not only significantly
increase its execution time but also increase the contention in the system
when it tries to acquire these words again. The disadvantage of these strate-
gies is that both of them are not adaptable to the different memory access
patterns that different CASNs can trigger, or to frequent variations of the
contention on each individual word of shared data. This can actually have
a large impact on the performance of these implementations.

The idea behind the work described in this paper is that giving the
CASN operation the possibility to adapt its helping policy to variations of
contention can have a large impact on the performance in most contention
situations. Of course, dynamically changing the behavior of the protocol
comes with the challenge of performance. The overhead that the dynamic
mechanism will introduce should not exceed the performance benefits that
the dynamic behavior will bring.

The rest of this paper is organized as follows. We give a brief problem
description, summarize the related work and give more detailed description
of our contribution in Section 2.2. Section 2.3 presents our algorithms at
an abstract level. The algorithms in detail are described in Section 2.4.
Section 2.5 presents the correctness proofs of our algorithms. In Section 2.6
we present the performance evaluation of our CASN algorithms and compare
them to the best known alternatives, which also represent the two helping
strategies mentioned above. Finally, Section 2.7 concludes the paper.
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2.2 Problem Description, Related Work and Our
Contribution

Concurrent data structures play a significant role in multiprocessor systems.
To ensure consistency of a shared data object in a concurrent environment,
the most common method is to use mutual exclusion, i.e. some form of
locking. Mutual exclusion degrades the system’s overall performance as it
causes blocking, i.e. other concurrent operations cannot make any progress
while the access to the shared resource is blocked by the lock. Using mutual
exclusion can also cause deadlocks, priority inversion and even starvation.

To address these problems, researchers have proposed non-blocking algo-
rithms for shared data objects. Non-blocking methods do not involve mutual
exclusion, and therefore do not suffer from the problems that blocking can
cause. Non-blocking algorithms are either lock-free or wait-free. Lock-free
implementations guarantee that regardless of the contention caused by con-
current operations and the interleaving of their sub-operations, always at
least one operation will progress. However, there is a risk for starvation as
the progress of other operations could cause one specific operation to never
finish. Wait-free [19] algorithms are lock-free and moreover they avoid star-
vation as well. In a wait-free algorithm every operation is guaranteed to
finish in a limited number of steps, regardless of the actions of the con-
current operations. Non-blocking algorithms have been shown to be of big
practical importance [36, 37], and recently NOBLE, which is a non-blocking
inter-process communication library, has been introduced [35].

The main problem of lock/wait-free concurrent data structures is that
many processes try to read and modify the same portions of the shared data
at the same time and the accesses must be atomic to one another. That
is why a multi-word compare-and-swap operation is so important for such
data structures.

Herlihy proposed a methodology for implementing concurrent data struc-
tures where interferences among processes are prevented by generating a
private copy of the portion changed by each process [20]. The disadvantages
of Herlihy’s methodology are the high cost for copying large objects and
the loss of disjoint-access-parallelism. The disjoint-access-parallelism means
that processes accessing no common portion of the shared data should be
able to progress in parallel.

Barnes [7] later suggested a cooperative technique which allows many
processes to access the same data structure concurrently as long as the
processes write down exactly what they will be doing. Before modifying a
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portion of the shared data, a process p; checks whether this portion is used
by another process po. If this is the case, process p; will cooperate with po
to complete the work of process po.

Israeli and Rappoport transformed this technique into one more appli-
cable in practice in [22], where the concept of disjoint-access-parallelism was
introduced. All processes try to lock all portions of the shared data they
need before writing back the new values to the portions one by one. An
owner field is assigned to every portion of the shared data to inform the
processes about which process is the owner of the portion at that time.

Harris, Fraser and Pratt [18] aiming to reduce the per-word space over-
head eliminated the owner field. They exploited the data word for containing
a special value, a pointer to a CASNDescriptor, to pass the information of
which process is the owner of the data word. However, in their paper the
memory management problem is not discussed clearly.

A wait-free multi-word compare-and-swap was introduced by Anderson
and Moir in [3]. The cooperative technique was employed in the aforemen-
tioned results as well.

However, the disadvantage of the cooperative technique is that the pro-
cess, which is blocked by another process, does not release the words it
owns when it helps the blocking process, even though many other processes
blocked on these words may be able to make progress if these words are
released. This cooperative technique uses a recursive helping policy, and the
time needed for a blocked process p; to help another process po may be long.
Moreover, the longer the response time of p1, the bigger the number of pro-
cesses blocked by pi. The processes blocked by p; will first help process p;
and then continue to help process p2 even when they and process p2 access
disjoint parts of the data structure. This problem will be solved if process p;
does not conservatively keep its words and releases them while it is helping
the blocking process ps.

The left part in Figure 2.1 illustrates the helping strategy of the recursive
helping policy. There are three processes executing three CAS4: p; wants to
lock words 1,2,3,4; po wants to lock words 3,6 and two other words; and p3
wants to lock words 6,7,8 and another word. At that time, the first CAS4
acquired words 1 and 2, the second CAS4 acquired word 3 and the third
CAS4 acquired words 6,7 and 8. When process p; helps the first CAS4, it
realizes that word 3 was acquired by the second CAS4 and thus it helps
the second CAS4. Then, p; realizes that word 6 was acquired by the third
CAS4 and it continues to help the third CAS4 and so on. We observe that
i) the time for a process to help other CASN operations may be long and
unpredictable and ii) if the second CAS4 did not conservatively keep word
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3 while helping other CAS4, the first CAS4 could succeed without helping
other CAS4s, especially the third CAS4 that did not block the first CAS4.
Note that helping causes more contention on the memory. Therefore, the
less helping is used, the lower the contention level on the memory is.
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Figure 2.1: Recursive helping policy and software transactional memory

Shavit and Touitou realized the problem above and presented the soft-
ware transactional memory (STM) in [32]. In STM, a process p; that was
blocked by another process py releases the words it owns immediately be-
fore helping blocking process ps. Moreover, a blocked process helps at most
one blocking process, so recursive helping does not occur. STM then was
improved by Moir [31], who introduced a design of a conditional wait-free
multi-word compare-and-swap operation. An evaluating function passed
to the CASN by the user will identify whether the CASN will retry when
the contention occurs. Nevertheless, both STM and the improved version
(iISTM) also have the disadvantage that the blocked process releases the
words it owns regardless of the contention level on the words. That is, even
if there is no other process requiring the words at that time, it still releases
the words, and after helping the blocking process, it may have to compete
with other processes to acquire the words again. Moreover, even if a process
acquired the whole set of words it needs except for the last one, which is
owned by another process, it still releases all the words and then starts from
scratch. In this case, it should realize that not many processes require the
words and that it is almost successful, so it would be best to try to keep the
words as in the cooperative technique.

The right part of Figure 2.1 illustrates the helping strategy of STM. At
that time, the first CAS4 acquired word 1, the second CAS4 acquired words
2,3 and 5 and the third CAS4 acquired words 6,7 and 8. When process p;
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helps the first CAS4, it realizes that word 2 was acquired by the second
CAS4. Thus, it releases word 1 and helps the second CAS4. Then, when p;
realizes that the second CAS4 was blocked by the third CAS4 on word 6,
it, on behalf of the second CAS4, releases word 5,3 and 2 and goes back to
help the first CAS4. Note that i) p; could have benefited by keeping word
1 because no other CAS4 needed the word; otherwise, after helping other
CAS4s, p1 has to compete with other processes to acquire word 1 again; and
ii) p1 should have tried to help the second CAS4 a little bit more because
this CAS4 operation was close to success.

Note that most algorithms require the N words to be sorted in addresses
and this can add an overhead of O(logN) because of sorting. However, most
applications can sort these addresses before calling the CASN operations.

2.2.1 Our Contribution

All available CASN implementations have their weak points. We realized
that the weaknesses of these techniques came from their static helping poli-
cies. These techniques do not provide the ability to CASN operations to
measure the contention that they generate on the memory words, and more
significantly to reactively change their helping policy accordingly. We ar-
gue that these weaknesses are not fundamental and that one can in fact
construct multi-word compare-and-swap algorithms where the CASN oper-
ations: i) measure in an efficient way the contention that they generate and
ii) reactively change the helping scheme to help more efficiently the other
CASN operations.

Synchronization methods that perform efficiently across a wide range of
contention conditions are hard to design. Typically, small structures and
simple methods fit better low contention levels while bigger structures and
more complex mechanisms can help to distribute processors/processes among
the memory banks and thus alleviate memory contention.

The key to our first algorithm is for every CASN to release the words it
has acquired only if the average contention on the words becomes too high.
This algorithm also favors the operations closer to completion. The key to
our second algorithm is for a CASN to release not all the words it owns at
once but just enough so that most of the processes blocked on these words
can progress. The performance evaluation of the proposed algorithms on
thirty processors of an SGI Origin2000 multiprocessor, which is presented
in Section 2.6, matches our intuition. In particular, it shows that both our
algorithms react fast according to the contention conditions and significantly
outperform the best-known alternatives in all contention conditions.
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2.3 Algorithm Informal Description

In this section, we present the ideas of our reactive CASN operations at
an abstract level. The details of our algorithms are presented in the next
section.

In general, practical CASN operations are implemented by locking all the
N words and then updating the value of each word one by one accordingly.
Only the process having acquired all the N words it needs can try to write
the new values to the words. The processes that are blocked, typically
have to help the blocking processes so that the lock-free feature is obtained.
The helping schemes presented in [3, 18, 22, 31, 32] are based on different
strategies that are described in Section 2.2.

Mem shared memory words

owner
AN d
LOCK END
C‘\ OP[i]
;

UNLOCK

addr[N]
exp[N]

new[N]

PHASE ONE PHASE TWO state |blocked

Figure 2.2: Reactive-CASN states and reactive-CAS4 data structure

The variable OP[i] described in Figure 2.2 is the shared variable that
carries the data of CASN;. It consists of three arrays with IV elements each:
addr;, exp; and new; and a variable blocked; that contain the addresses, the
old values, the new values of the N words that need to be compared-and-
swapped atomically and the number of CASN operations blocked on the
words, respectively. The N elements of array addr; must be increasingly
sorted in addresses to avoid live-lock in the helping process. Each entry of
the shared memory Mem, a normal 32-bit word used by the real application,
has two fields: the value field (24 bits) and the owner field (8 bits). The
owner field needs logo P + 1 bits, where P is the number of processes in
the system. The value field contains the real value of the word while the
owner field contains the identity of the CASN operation that has acquired
the word. For a system supporting 64-bit words, the value field can be up
to 56 bits if P < 256. However, the value field cannot contain a pointer to a
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memory location in some modern machines where the size of pointer equals
the size of the largest word. For information on how to eliminate the owner
field, see [18].

Each CASN operation consists of two phases as described in Figure 2.2.
The first phase has two states Lock and Unlock and it tries to lock all
the necessary words according to our reactive helping scheme. The second
one has also two states Failure and Success. The second phase updates
or releases the words acquired in the first phase according to the result of
phase 1.

Figure 2.3 describes our CASN operation at a high level.

CASN(OPIJi])
try_again :
Try to lock all N necessary words;
if manage to lock all the N words then
write new values to these words one by one; return Success;
else if read an unexpected value then
release all the words that have been locked by CASN;; return Failure;
else if contention is “high enough” then
release some/all CASN;’s words to reduce contention; goto try_again;

Figure 2.3: Reactive CASN description

In order to know whether the contention on CASN;’s words is high,
each CASN; uses variable OP[i].blocked to count how many other CASNs
are being blocked on its words. Now, which contention levels should be
considered high? The C'ASN; has paid a price (execution time) for the
number of words that it has acquired and thus it should not yield these words
to other CASNs too generously as the software transactional memory does.
However, it should not keep these words egoistically as in the cooperative
technique because that will make the whole system slowdown. Let w; be the
number of words currently kept by CASN; and n; be the estimated number
of CASNs that will go ahead if some of w; words are released. The C ASN;
will consider releasing its words only if it is blocked by another CASN. The
challenge for CASN; is to balance the trade-off between its own progress
w; and the potential progress n; of the other processes. If CASN; knew
how the contention on its w; words will change in the future from the time
CASN; is blocked to the time CASN; will be unblocked, as well as the time
CASN; will be blocked, CASN; would have been able to make an optimal
trade-off. Unfortunately, there is no way for CASN; to have this kind of
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information.
The terms used in the section are summarized in the following table:

Terms Meanings

P the number of processes in the system

N the number of words needing to be updated atomically
w; the number of words currently kept by C ASN;

blocked; | the number CASN operations blocked by C'ASN;

r; the average contention on words currently kept by CASN;
m the lower bound of average contention r;

M the upper bound of average contention r;

c the competitive ratio

Figure 2.4: The term definitions

2.3.1 The First Algorithm

Our first algorithm concentrates on the question of when C'ASN; should
release all the w; words that it has acquired. A simple solution is as follows:
if the average contention on the w; words, r; = W, is greater than a
certain threshold, C'ASN; releases all its w; words to help the many other
CASNs to go ahead. However, how big should the threshold be in order to
optimize the trade-off? In our first reactive CASN algorithm, the threshold
is calculated in a similar way to the reservation price policy [11]. This policy
is an optimal deterministic solution for the online search problem where a
player has to decide whether to exchange his dollars to yens at the current
exchange rate or to wait for a better one without knowing how the exchange
rate will vary.

Let P and N be the number of processes in the system and the number of
words needing to be updated atomically, respectively. Because CASN; only
checks the release-condition when: i) it is blocked and ii) it has locked at least
a word and blocked at least a CASN, we have that 1 < blocked; < (P — 2)
and 1 < w; < (N —1). Therefore, m < r; < M where m = ﬁ and
M = P — 2. Our reservation contention policy is as follows:

Reservation contention policy: CASN; releases its w; words when
the average contention r; is greater than or equal to R* = v Mm.

M

The policy is 4/ --competitive. For the proof and more details on the
policy, see reservation price policy [11].

Beside the advantage of reducing collision, the algorithm also favors
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CASN operations that are closer to completion, i.e w; is larger, or that
cause a small number of conflicts, i.e. blocked; is smaller. In both cases, r;
becomes smaller and thus CASN; is unlikely to release its words.

2.3.2 The Second Algorithm

Our second algorithm decides not only when to release the C ASN;’s words
but also how many words need to be released. It is intuitive that the C ASN;
does not need to release all its w; words but releases just enough so that most
of the CASN operations blocked by CASN; can go ahead.

The second reactive scheme is influenced by the idea of the threat-based
algorithm [11]. The algorithm is an optimal solution for the one-way trad-
ing problem, where the player has to decide whether to accept the current
exchange rate as well as how many of his/her dollars should be exchanged
to yens at the current exchange rate.

Definition 2.3.1. A transaction is the interval from the time a CASN op-
eration is blocked to the time it is unblocked and acquires a new word

In our second scheme, the following rules must be satisfied in a transac-
tion. According to the threat-based algorithm [11], we can obtain an optimal
competitive ratio for unknown duration variant ¢ = ¢ — #;171) if we know

only ¢, where ¢ = %; m and M are the lower bound and upper bound of
the average contention on the words acquired by the CASN as mentioned in
subsection 2.3.1, respectively:

1. Release words only when the current contention is greater than (msc)
and is the highest so far.

2. When releasing, release just enough words to keep the competitive
ratio c.

Similar to the threat-based algorithm [11], the number of words which should
t_ . t—1

be released by a blocked C ASN; at time t is df = D;* % * Tlr,zlm , where rf_l

is the highest contention until time (¢ — 1) and D; is the number of words

acquired by the CASN; at the beginning of the transaction. In our algo-

rithm, r; stands for the average contention on the words kept by a CASN;
blocked
e

and is calculated by the following formula: r; = =2-™% as mentioned in Sec-
tion 2.3.1. Therefore, when CASN; releases words ‘with contention smaller
than r;, the average contention at that time, the next average contention
will increase and C'ASN; must continue releasing words in decreasing order
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of word-indices until the word that made the average contention increase is
released. When this word is released, the average contention on the words
locked by C ASN; is going to reduce, and thus according to the first of the
previous rules, C ASN; does not release its remaining words anymore at this
time. That is how just enough to help most of the blocked processes is
defined in our setting.

Therefore, beside the advantage of reducing collision, the second algo-
rithm favors to release the words with high contention.

2.4 Implementations

In this section, we describe our reactive multi-word compare-and-swap im-
plementations.

The synchronization primitives related to our algorithms are fetch-and-
add (FAA), compare-and-swap (CAS) and load-linked /validate/store-conditional
(LL/VL/SC). The definitions of the primitives are described in Figure 2.5,
where x is a variable and v, old, new are values.

For the systems that support weak LL/SC such as the SGI Origin2000
or the systems that support CAS such as the SUN multiprocessor machines,
we can implement the LL/VL/SC instructions algorithmically [30].

2.4.1 First Reactive Scheme

The part of a CASN operation (CASN;) that is of interest for our study is
the part that starts when C ASN; is blocked while trying to acquire a new
word after having acquired some words; and ends when it manages to acquire
a new word. This word could have been locked by CASN; before C ASN;
was blocked, but then released by CASN;. Our first reactive scheme decides
whether and when the C ASN; should release the words it has acquired by
measuring the contention r; on the words it has acquired, where r; = blzg—ﬁf@i
and blocked; is the number of processes blocked on the kept; words acquiréd
by CASN;. If the contention r; is higher than a contention threshold R*,
process p; releases all the words. The contention threshold R* is computed
according to the reservation contention policy in Section 2.3.1. One interest-
ing feature of this reactive helping method is that it favors processes closer
to completion as well as processes with a small number of conflicts.

At the beginning, the CASN operation starts phase one in order to lock
the N words. Procedure Casn tries to lock the words it needs by setting
the state of the CASN to Lock (line 1 in Casn). Then, procedure Help is
called with four parameters: i) the identity of helping-process helping, ii)
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FAA(z,v) LL(z){
atomically { return the value of x such that it may
oldx «— w; be subsequently used with SC
x — x+v; }
return(oldz)
) VL(2)
atomically {
CAS(z, old, new) if (no other process has written to x
atomically { since the last LL(x))
if(z = old) return(true);
T +— new; else return(false);
return(true); }
else return(false);
} SC(z,v)

atomically {
if (no other process has written to x
since the last LL(x))
x «— v; return(true);
else return(false);

}

Figure 2.5: Synchronization primitives

type word_type = record value; owner; end; /*normal 32-bit words*/
state_type = { Lock, Unlock, Succ, Fail, Ends, Endf };
para_type = record N: integer; addr: array[l..N]| of xword_type ;
exp,new: array|[l..N] of word_type; /*CASN*/
state: state_type; blocked : 1..P; end; /*P: #processes*/
return_type = record kind:{Succ, Fail, Circle}; cId:1..P; end,;
/*cld: Id of a CASN participating in a circle-help*/
shared var Mem: set of word_type; OP: array|l..P] of para_type;
Version: array[l..P] of unsigned long;
private var casn_l: array[l..P] of 1..P;
/*keeping CASNs currently helped by the process*/
l: of 1..P; /*the number of CASNs currently helped by the process*/

Figure 2.6: Data structures in our first reactive multi-word compare-and-
swap algorithm
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/* Version[i] must be increased by one before OP[i] is used to contain parameters
addr(], exp[] and new/] for Casn(i) */
state_type CASN(7)
begin
1: OPYJi].blocked := 0; OPJi].state := Lock; for j :=1 to P do casn_l[j] = 0;
2: 1:=1; casn.l[l] :==i; /*record CASN; as a currently helped one*/
3: Help(i,i,0, Version[i]);
return OP[i].state;
end.

return_type HELP(helping, i, pos, ver)
begin
start :
1: state := LL(&OPi].state);
2: if (ver # Versionli]) then return (Fail, nil);
if (state = Unlock) then /*C ASN; is in state Unlock*/

3: Unlocking(i);
if (helping = i) then /*helping is CASN;’s original process*/
4: SC(&OPYi].state, Lock); goto start; /*help CASN;*/
else /*otherwise, return to previous CASN*/
5: FAA(&OPIJi].blocked, —1); return (Suce,nil);
else if (state = Lock) then
6: result := Locking(helping, i, pos);
if (result.kind = Succ) then /*Locking N words successfully*/
7 SC(&OPi].state, Succ); /*change its state to Success™/
else if (result.kind = Fail) then /*Locking unsuccessfully*/
8: SC(&OPYi].state, Fail); /*change its state to Failure*/
else if (result.kind = Circle) then /*the circle help occurs™/
9: FAA(&OPIi].blocked, —1);
return result; /*return to the expected CASN*/
goto start;
else if (state = Succ) then
10: Updating(i); SC(&OPIi].state, Ends); /*write new values*/
else if (state = Fail) then
11: Releasing(i); SC(&OPi].state, Endf); /*release its words*/

return (Suce, nil);
end.

Figure 2.7: Procedures CASN and Help in our first reactive multi-word
compare-and-swap algorithm
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return_type LOCKING(helping, i, pos)

begin
start:
for j := pos to OP[i].N do /*only help from position pos*/
1: e.addr = OPli].addr[j]; e.exp = OPJi].exp|j;
again:
2: x = LL(e.addr);
3: if (not VL(&OPJi].state)) then
return (nil,nil); /*return to read its new state*/
4: if (z.value # e.exp) then return (Fail,nil); /*x was updated™/
else if (z.owner = nil) then /*x is available*/
5: if (not SC(e.addr, (e.exp,i)) then goto again;
else if (z.owner # i) then /*x is locked by another CASN*/
6 CheckingR(i, OPli].blocked, j — 1); /*check unlock-condition*/
T if (x.owner in casn_l) then return (Circle, x.owner); /*circle-help*/
8 Find index k: OP[z.owner].addr[k] = e.addr;
9: ver = Version|x.owner];
10: if ( not VL(e.addr)) then goto again;
11: FAA(&OP[z.owner].blocked, 1);
12: l:=141; casn.l[l] := xz.owner; /*record x.owner*/
13: r := Help(helping, x.owner, k,ver);
14: casnll] :=0; 1 :=1—1; /*omit xz.owner’s record*/
15: if ((r.kind = Circle) and (r.cId # i)) then
return r; /*CASN; is not the expected CASN in the circle help*/
goto start;

return (Succ, nil);
end.

CHECKINGR (owner, blocked, kept)

begin
1: if ((kept = 0) or (blocked = 0)) then return;
2: if (not VL(&OP[owner].state)) then return;

3: if (% > R*) then SC(&OP[owner].state, Unlock);
return;
end.

Figure 2.8: Procedures Locking and CheckingR in our first reactive multi-
word compare-and-swap algorithm
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UPDATING (%)
begin
for j :=1 to OPJi].N do
1: e.addr = OPli].addr[j]; e.exp = OPJi].exp|j;
2: e.new = OPJi].new[j];
again :
3: x := LL(e.addr);
4: if (not VL(&OPJi].state)) then return;
if (z = (e.exp,i)) then /*r is expected value & locked by CASN;*/
5: if ( not SC(e.addr, (e.new,nil)) then goto again;
return;
end.

UNLOCKING (i) /RELEASING (%)

begin
for j := OPJ[i].N downto 1 do
1: e.addr = OPli].addr[j]; e.exp = OPi].explj];
again :
2: x := LL(e.addr);
3: if not VL(&OP]Ji].state) then return;
if (x = (e.exp,nil)) or (x = (e.exp,i)) then
4: if (not SC(e.addr, (e.exp,nil)) then goto again;
return;
end.

Figure 2.9: Procedures Updating and Unlocking/Releasing in our first reac-
tive multi-word compare-and-swap algorithm

the identity of helped-CASN 4, iii) the position from which the process will
help the CASN lock words pos, and iv) the version ver of current variable
OPli]. In the Help procedure, the helping process chooses a correct way
to help CASN; according to its state. At the beginning, CASN,’s state is
Lock. In the Lock state, the helping process tries to help CASN; lock all
necessary words:

e If the CASN; manages to lock all the N words successfully, its state
changes into Success (line 7 in Help), then it starts phase two in order
to conditionally write the new values to these words (line 10 in Help).

e If the CASN;, when trying to lock all the N words, discovers a word
having a value different from its old value passed to the CASN, its
state changes into Failure (line 8 in Help) and it starts phase two in
order to release all the words it locked (line 11 in Help).
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o If the CASN; is blocked by another CASNj, it checks the unlock-
condition before helping CASN; (line 6 in Locking). If the unlock-
condition is satisfied, CASN;’s state changes into Unlock (line 3 in

CheckingR) and it starts to release the words it locked (line 3 in
Help).

Procedure Locking is the main procedure in phase one, which contains
our first reactive scheme. In this procedure, the process called helping tries
to lock all N necessary words for C ASN;. If one of them has a value different
from its expected value, the procedure returns Fail (line 4 in Locking).
Otherwise, if the value of the word is the same as the expected value and
it is locked by another CASN (lines 6-15 in Locking) and at the same time
C ASN; satisfies the unlock-condition, its state changes into Unlock (line 3
in CheckingR). That means that other processes whose CASNs are blocked
on the words acquired by CASN; can, on behalf of CASN;, unlock the
words and then acquire them while the C ASN;’s process helps its blocking
CASN operation, CASN, oyner (line 13 in Locking).

Procedure CheckingR checks whether the average contention on the
words acquired by C ASN; is high and has passed a threshold: the unlock-
condition. In this implementation, the contention threshold is R*, R* =

v/ %, where P is the number of concurrent processes and N is the number

of words that need to be updated atomically by CASN.

At time t, C ASN; has created average contention r; on the words that it
has acquired, r; = blzg’;f_di, where blocked; is the number of CASNs currently
blocked by CASN; and kept; is the number of words currently locked by
CASN;. CASN; only checks the unlock-condition when: i) it is blocked
and ii) it has locked at least a word and blocked at least a process (line 1 in
CheckingR). The unlock-condition is to check whether blgg—ﬁfdi > R*. Every
process blocked by C'ASN; on word OP[i].addr[j] increases dP[i].blocked by
one before helping CASN; using a fetch-and-add operation (FAA) (line 11
in Locking), and decreases the variable by one when it returns from helping
the CASN; (line 5 and 9 in Help). The variable is not updated when the
state of the CASN; is Success or Failure because in those cases C ASN;
no longer needs to check the unlock-condition.

There are two important variables in our algorithm, the Version and
casn_l variables. These variables are defined in Figure 2.6.

The variable Version is used for memory management purposes. That
is when a process completes a CASN operation, the memory containing the
CASN data, for instance O P[i], can be used by a new CASN operation. Any
process that wants to use OP[i] for a new CASN must firstly increase the
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Versionli] and pass the version to procedure Help (line 3 in Casn). When
a process decides to help its blocking CASN, it must identify the current
version of the CASN (line 9 and 10 in Locking) to pass to procedure Help
(line 13 in Locking). Assume process p; is blocked by CASN; on word
e.addr, and p; decides to help CASN;. If the version p; reads at line 9 is
not the version of OP[j] at the time when C ASN; blocked p;, that is CASN;
has ended and OP[j] is re-used for another new CASN, the field owner of
the word has changed. Thus, command V L(e.addr) at line 10 returns failure
and p; must read the word again. This ensures that the version passed to
Help at line 13 in procedure Locking is the version of OPJ[j]| at the time
when CASN; blocked p;. Before helping a CASN, processes always check
whether the CASN version has changed (line 2 in Help).

The other significant variable is casn_l, which is local to each process
and is used to trace which CASNs have been helped by the process in or-
der to avoid the circle-helping problem. Consider the scenario described in
Figure 2.10. Four processes p1, p2, ps and p4 are executing four CAS3 opera-
tions: C'AS31, CAS3,, CAS33 and C'AS3y, respectively. The C'AS3; is the
CAS3 that is initiated by process p;. At that time, C' AS32 acquired Mem/[1],
CAS33 acquired Mem|2] and C' AS3, acquired Mem|3] and Mem]4] by writ-
ing their original helping process identities in the respective owner fields
(recall that Mem is the set of separate words in the shared memory, not an
array). Because po is blocked by C'AS33 and C' AS33 is blocked by C' AS34,
p2 helps CAS33 and then continues to help CAS34. Assume that while
po is helping C'AS3,, another process discovers that C'AS33 satisfies the
unlock-condition and releases Mem/[2], which was blocked by C'AS33; p1,
which is blocked by C' AS3s, helps C AS3, acquire Mem/[2] and then acquire
Mem/[5]. Now, pa, when helping C AS34 lock Meml5], realizes that the word
was locked by C'AS3s, its own CAS3, that it has to help now. Process po
has made a cycle while trying to help other CAS3 operations. In this case,
p2 should return from helping CAS34 and CAS33 to help its own CAS3,
because, at this time, the CAS3, is not blocked by any other CAS3. The
local arrays casn_ls are used for this purpose. Each process p; has a local
array casn_l; with size of the maximal number of CASNs the process can
help at one time. Recall that at one time each process can execute only one
CASN, so the number is not greater than P, the number of processes in the
system. In our implementation, we set the size of arrays casn_l to P, i.e.
we do not limit the number of CASNs each process can help.

An element casn_l;[l] is set to j when process p; starts to help a CASN;
initiated by process p; and the CASN; is the [ CASN that process p; is
helping at that time. The element is reset to 0 when process p; completes
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Figure 2.10: Circle-helping problem: (A) Before helping; (B) After p; helps
CAS3y acquire Mem|2] and Meml5].

helping the {** CASN. Process p; will realize the circle-helping problem if
the identity of the CASN that process p; intends to help has been recorded
in casn_l;.

In procedure Locking, before process ppeiping helps CASN; owner, it
checks whether it is helping the CASN currently (line 7 in Locking). If
yes, it returns from helping other CASNs until reaching the unfinished help-
ing task on CASN, oyner (line 15 in Locking) by setting the returned value
(Circle, x.owner) (line 7 in Locking). The I'" element of the array is set
to z.owner before the process helps C ASNy owner, its 1" CASN, (line 12 in
Locking) and is reset to zero after the process completes the help (line 14
in Locking).

In our methods, a process helps another CASN, for instance CASN;,
just enough so that its own CASN can progress. The strategy is illustrated
by using the variable casn_l above and helping the C ASN; unlock its words.
After helping the C ASN; release all its words, the process returns imme-
diately because at this time the CASN blocked by CASN; can go ahead
(line 5 in Help). After that, no process helps C ASN; until the process that
initiated it, p;, returns and helps it progress (line 4 in Help).

2.4.2 Second Reactive Scheme

In the first reactive scheme, a CASN; must release all its acquired words
when it is blocked and the average contention on these words is higher than
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a threshold, R*. It will be more flexible if the C ASN; can release only some
of its acquired words on which many other CASNs are being blocked.

The second reactive scheme is more adaptable to contention variations
on the shared data than the first one. An interesting feature of this method
is that when C'ASN; is blocked, it only releases just enough words to reduce
most of CASNs blocked by itself.

According to rule 1 of the second reactive scheme as described in Sec-
tion 2.3.2 , contention r; is considered for adjustment only if it increases, i.e.
when either the number of processes blocked on the words kept by CASN;
increases or the number of words kept by C ASN; decreases. Therefore, in
this implementation, which is described in Figure 2.11 and Figure 2.12, the
procedure CheckingR is called not only from inside the procedure Locking
as in the first algorithm, but also from inside the procedure Help when
the number of words locked by C' ASN; reduces (line 5). In the second al-
gorithm, the variable OP[i].blocked? is an array of size N, the number of
words need to be updated atomically by CASN. Each element of the array
OPli].blocked|[j] is updated in such a way that the number of CASNs blocked
on each word is known, and thus a process helping C' ASN; can calculate how
many words need to be released in order to release just enough words. To be
able to perform this task, besides the information about contention r;, which
is calculated through variables blocked; and kept;, the information about the
highest r; so far and the number of words locked by C ASN; at the begin-
ning of the transaction is needed. This additional information is saved in
two new fields of OP[i].state called ry,q, and init, respectively. While the
init is updated only one time at the beginning of the transaction (line 3
in CheckingR), the 7,4, field is updated whenever the unlock-condition is
satisfied (line 3 and 5 in CheckingR). The beginning of a transaction is
determined by comparing the number of word currently kept by the CASN,
kept, and its last unlock-position, gs.ul_pos (line 2 in CheckingR). The
values are different only if the CASN has acquired more words since the last
time it was blocked, and thus in this case the CASN is at the beginning of
a new transaction according to definition 2.3.1.

After calculating the number of words to be released, the position from
which the words are released is saved in field ul_pos of OPJi].state and it is
called ul_pos;. Consequently, the process helping CASN; will only release
the words from OP[i].addr[ul_pos;] to OP[i].addr|N] through the procedure

2In our implementation, the array blocked is simple a 64-bit word such that it can be
read in one atomic step. In general, the whole array can be read atomically by a snapshot
operation.
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type state_type = record init; rqq; ul_pos; state; end;
para_type = record N: integer; addr: array[l..N] of xword_type ;
exp,new: array|[l..N] of word_type;
state: {Lock,Unlock, Suce, Fail, Ends, Endf};
blocked: array[l..N] of 1..P; end;
/% P: #processes; N-word CASN */

return_type HELP(helping, i, pos)

begin
start :
1: gs := LL(&OPYi].state);
2: if (ver # Version[i]) then return (Fail,nil);
3: if (gs.state = Unlock) then
4: Unlocking(i, gs.ul_pos);
5: cr = CheckingR(i, OP[i].blocked, gs.ul_pos, gs);
6: if (¢r = Succ) then goto start;
7 else SC(&OP]i].state.state, Lock);
8: if (helping = i) then goto start;
9: else FAA(&OPIi].blocked[pos], —1); return (Succ, nil);
else if (state = Lock) then
10: result := Locking(helping, i, pos);
11: if (result.kind = Succ) then SC(&OP(i].state, (0,0, 0, Succ));
12: else if (result = Fail) then SC(&OP]i].state, (0,0,0, Fail));
else if (result.kind = Circle) then
13: FAA(&OPJi).blocked[pos], —1); return result;
goto start;
end.

UNLOCKING (i, ul_pos)
begin
for j := OPJ[i].N downto ul_pos do
e.addr = OPli).addr[j]; e.exp = OPl[i].exp|jl;
again :
x := LL(e.addr);
if (not VL(&OPJi].state)) then return;
if (x = (e.exp,nil)) or (x = (e.exp,i)) then
if (not SC(e.addr, (e.exp,nil)) then goto again;
return;
end.

Figure 2.11: Procedures Help and Unlocking in our second reactive multi-
word compare-and-swap algorithm.
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boolean CHECKINGR(owner,blocked, kept, gs)
begin
if (kept = 0) or (blocked = {0..0})) then return Fail;
1: if ( not VL(&OP[owner].state)) then return Fail;
for j :=1 to kept do nb := nb + blocked|[j];
1 = %Zt; /*r is the current contention®/
if (r < m*C) then return Fail; /* m = = */
2: if (kept # gs.ul_pos) then /*At the beginning of transaction®/
d = kept % * T;T;LC; ul_pos := kept —d + 1;
3: SC(&OPlowner].state, (kept, r, ul_pos, Unlock));
return Succ;
4: else if (r > gs.rmq) then /*r is the highest contention so far*/
d = gs.init * % T Lrmaz ] pos := kept —d + 1;
5: SC(&OPlowner].state, (gs.init, r, ul_pos, Unlock));
return Succ;
return Fail;
end.

value_type READ(x)
begin
start :
y = LL(z);
while (y.owner # nil) do
Find index k: OP[y.owner].addr[k] = x;
ver = Version[y.owner];
if ( not VL(z)) then goto start;
Help(self,y.owner, k,ver); y := LL(x);
return (y.value);
end.

Figure 2.12: Procedures CheckingR in our second reactive multi-word
compare-and-swap algorithm and the procedure for Read operation.

Unlocking. If C ASN; satisfies the unlock-condition even after a process has
just helped it unlock its words, the same process will continue helping the
CASN; (line 5 and 6 in Help). Otherwise, if the process is not process p;, the
process initiating C ASN;, it will return to help the CASN that was blocked
by CASN; before (line 9 in Help). The changed procedures compared with
the first implementation are Help, Unlocking and CheckingR, which are
described in Figure 2.11 and Figure 2.12.
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2.5 Correctness Proof

In this section, we prove the correctness of our methods. Figure 2.13 briefly
describes the shared variables used by our methods and the procedures read-
ing or directly updating them.

Mem OP[i].state | OPJi].blocked
Help(helping, i, pos, ver) LL, SC FAA
Unlocking(i, ul_point) LL, SC | VL
Releasing(i) LL, SC' | VL
Updating(i) LL, SC | VL
Locking(helping, i, pos) LL, SC | VL FAA
CheckingR(owner, blocked, kept, gs) VL, SC
Read(x) LL

Figure 2.13: Shared variables with procedures reading or directly updating
them

The array OP consists of P elements, each of which is updated by only
one process, for example O P[i] is only updated by process p;. Without loss of
generality, we only consider an element of array OP, OP]i], on which many
concurrent helping processes get necessary information to help a CASN,
CASN;. The symbol CASN; denotes that this CASN uses the variable
OPJi] and that it is the j** time the variable is re-used, i.e. j = Version][i].
The value of OP[i] read by process py is correct if it is the data of the
CASN that blocks the CASN helped by pr. For example, py helps C’ASNZ.JI1
and realizes the CASN is blocked by CASNZ-j . Thus, p; decides to help
C’ASNij. But if the value pj read from OP[i] is the value of the next CASN,
C’ASNijJrl7 ie. CASNZJ has completed and OP][i] is re-used for another new
CASN, the value that p; read from OPJi], is not correct for py.

Lemma 2.5.1. Every helping process reads correct values of variable OPJi].

Proof. In our pseudo-code described in Figure 2.7, Figure 2.8, Figure 2.9,
Figure 2.11 and Figure 2.12, the value of OP][i] is read before the process
checks VL(&OP]i].state) (line 1 in Unlocking, Releasing, Updating and
Locking). If OPJi] is re-used for CASN/*!, the value of OP[i.state has
certainly changed since py read it at line 1 in procedure Help because OP[i]
is re-used only if the state of CASN; has changed into Ends or Endf. In
this case, pi realizes the change and returns to procedure Help to read the
new value of OPJi].state (line 3 in Unlocking, Releasing, Locking and line
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4 in Updating). In procedure Help, pp will realize that OP[i] is reused
by checking its version (line 2 in Help) and return, that is py does not
use incorrect values to help CASNs. Moreover, when pj, decides to help
CASN; at line 13 in procedure Locking, the version of OP[i] passed to
the procedure Help is the correct version, that is the version corresponding
to CASN/, the CASN blocking the current CASN on word e.addr. If the
version py read at line 9 in procedure Locking is incorrect, that is CAS Nl‘-j
has completed and OPJi| is re-used for C’ASNZ? +1 p will realize this by
checking V' L(e.addr). Because if CASN; has completed, the owner field of
word e.addr will change from i to nil. Therefore, p; will read the value of
word e.addr again and realize that OP][i].state has changed. In this case,
pi will return and not use the incorrect data as argued above.

O

From this point, we can assume that the value of OP[i] used by pro-
cesses is correct. In our reactive compare-and-swap (RCASN) operation,
the linearization point is the point its state changes into Succ if it is suc-
cessful or the point when the process that changes the state into Fail reads
an unexpected value. The linearization point of Read is the point when
y.owner == nil. It is easy to realize that our specific Read operation? is
linearizable to RCASN. The Read operation is similar to those in [18][22].

Now, we prove that the interferences among the procedures do not affect
the correctness of our algorithms.

We focus on the changes of OPJi].state. We need to examine only four
states: LOCK, UNLOCK, SUCCESS and FAILURE. State END is
only used to inform whether the CASN has succeeded and it does not play
any role in the algorithm. Assume the latest change occurs at time ty3. The
processes helping CASN; are divided into two groups: group two consists
of the processes detecting the latest change and the rest are in group one.
Because the processes in the first group read a wrong state ( it fails to detect
the latest change), the states they can read are LOCK or UNLOCK, i.e.
only the states in phase one.

Lemma 2.5.2. The processes in group one have no effect on the results
made by the processes in group two.

Proof. To prove the lemma, we consider all cases where a process in group
two can be interfered by processes in group one. Let p{ denote process p; in

3The Read procedure described in figure 2.12 is used in both reactive CASN algorithms
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group j. Because the shared variable OPJi].block is only used to estimate
the contention level, it does not affect the correctness of CASN returned
results. Therefore, we only look at the two other shared variables Mem and
OPli].state.

Case 1.1 : Assume p,lC interferes with pl2 while pl2 is executing procedure
Help or CheckingR. Because these procedures only use the shared
variable OP[i].state, in order to interfere with pl2 p}€ must update
this variable, i.e. p,lg must also execute one of the procedures Help
or CheckingR. However, because pi. does not detect the change of
OPli].state (it is a member of the first group), the change must hap-
pen after p: read OP[i].state by LL at line 1 in Help, and consequently
it will fail to update OP[i].state by SC. Therefore, p} cannot inter-
fere pl2 while pl2 is executing procedure Help or C'heckingR, or in other
words, p? cannot be interfered through the shared variable O P[i].state.

Case 1.2 : p? is interfered through a shared variable Mem[z] while ex-
ecuting one of the procedures Unlocking, Releasing, Updating and
Locking. Because OPJi|.state changed after 10,1g read it and in the
new state of CASN; pl2 must update Mem/|xz], the state p,i read can
only be Lock or Unlock. Thus, the value p} can write to Mem|z]
is (OPJi].explyl],i) or (OPJi].exply],nil), where OP][i].addr[y] points
to Mem[z]. On the other hand, p. can update Mem|[z] only if it is
not acquired by another CASN, i.e. Mem[z] = (OPJi].exply],nil) or
Mem|x] = (OPJi].explyl,i).

e If p wants to update Mem[z] from (OP[i].exply], i) to (OP[i].exply], nil),
the state p,lC read is Unlock. Because only state Lock is the sub-
sequent state from Unlock, the correct state pl2 read is Lock. Be-
cause some processes must help the CASN; successfully release
necessary words, which include Mem/[z], before the C ASN; could
change from Unlock to Lock, p}, fails to execute SC(&Mem/[z],
(OPli].exply],nil)) (line 4 in Unlocking, Figure 2.9) and retries
by reading Mem[z] again (line 2 in Unlocking). In this case,
pi observes that OP][i].state changed and gives up (line 3 in
Unlocking).

e If p: wants to update Mem[z] from (OP[i].exply], nil) to (OP[i].exply], i),
the state p}, read is Lock. Because the current value of Mem/|z] is
(OPli].exply], nil), the current state p} read is Unlock or Failure.
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— If pi executes SC(&Memlz], (OPJi].exply],i)) (line 5 in Locking,
Figure 2.8) before p? executes SC(&Mem|z], (OP[i].exply], nil))
(line 4 in Unlocking/ Releasing, Figure 2.9), p? retries by
reading Mem/[z] again (line 2 in Unlocking/ Releasing) and
eventually updates Mem/[z] successfully.

— If p}. executes SC(&Mem|[z], (OP]i].exply],i)) (line 5 in Locking)
after p? executes SC(&Mem/[z], (OPli].exply],nil)) (line 4 in
Unlocking/Releasing), pj, retries by reading Mem/[z] again
(line 2 in Locking). Then, pi observes that OP[i].state
changed and gives up (line 3 in Locking).

Therefore, we can conclude that p/,l€ cannot interfere with pl2 through the
shared variable Mem/[x], which together with case 1.1 results in that the
processes in group one cannot interfere with the processes in group two via
the shared variables. O

Lemma 2.5.3. The interferences between processes in group two do mot
violate linearizability.

Proof. On the shared variable O P[i].state, only the processes executing pro-
cedure Help or CheckingR can interfere with one another. In this case, the
linearization point is when the processes modify the variable by SC. On the
shared variable Mem|z|, all processes in group two will execute the same
procedure such as Unlocking, Releasing, Updating and Locking, because
they read the latest state of OP]Ji].state. Therefore, the procedures are ex-
ecuted as if they are executed by one process without any interference. In
conclusion, the interferences among the processes in group two do not cause
any unexpected result. ]

From Lemma 2.5.2 and Lemma 2.5.3, we can infer the following corollary:

Corollary 2.5.1. The interferences among the procedures do not affect the
correctness of our algorithms.

Lemma 2.5.4. A CASN; blocks another CASN; at only one position in
Mem for all times CASN; is blocked by CASN;.

Proof. Assume towards contradiction that C ASN; is blocked by CASN; at
two position x1 and x9 on the shared variable Mem, where x1 < xo. At the
time when CASN; is blocked at 2, both CASN; and CASN; must have
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acquired xp already because the CASN tries to acquire an item on Mem
only if all the lower items it needs have been acquired by itself. This is a
contradiction because an item can only be acquired by one CASN. O

Lemma 2.5.5. The algorithms are lock-free.

Proof. We prove the lemma by contradiction. Assume that no CASN in
the system can progress. Because in our algorithms a CASN operation
cannot progress only if it is blocked by another CASN on a word, each
CASN operation in the systems must be blocked by another CASN on a
memory word. Let CASN; be the CASN that acquired the word wj, with
highest address among all the words acquired by all CASNs. Because the N
words are acquired in the increasing order of their addresses, C ASN; must
be blocked by a CASN; at a word wy where address(wy) < address(wy,).
That mean C'ASN; acquired a word wy, with the address higher than that
of wy, the word with highest address among all the words acquired by all
CASN. This is contradiction. O

The following lemmas prove that our methods satisfy the requirements
of online-search and one-way trading algorithms [11].

Lemma 2.5.6. Whenever the average contention on acquired words in-
creases during a transaction, the unlock-condition is checked.

Proof. According to our algorithm, in procedure Locking, every time a pro-
cess increases O Plowner].blocked, it will help C'AS Nyyner. If the CAS Noyner
is in a transaction, i.e. being blocked by another CASN, for instance C ASN;;,
the process will certainly call CheckingR to check the unlock-condition. Ad-
ditionally, in our second method the average contention can increase when
the CASN releases some of its words and this increase is checked at line 5
in procedure Help in figure 2.11. O

Lemma 2.5.6 has the important consequence that the process always
detects the average contention on the acquired words of a CASN whenever it
increases, so applying the online-search and one-way trading algorithms with
the value the process obtains for the average contention is correct according
to the algorithm.

Lemma 2.5.7. Procedure CheckingR in the second algorithm computes
unlock-point ul_point correctly.
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Proof. Assume that process p,, executes CASN; and then realizes that
CASN; is blocked by CASN; on word OP[i].addr(z] at time t; and read
OPli].blocked at time t1. Between ¢y and t; the other processes which are
blocked by CASN; can update OPJi].blocked. Because CheckingR only
sums on OP[i].blocked[k], where k = 1,..,x — 1, only processes blocked on
words from OPli].addr[l] to OP][i].addr[z — 1] are counted in CheckingR.
These processes updating OP[i].blocked is completely independent of the
time when C ASN; was blocked on word OP[i].addr[z]. Therefore, this sit-
uation is similar to one where all the updates happen before tg, i.e. the
value of OP[i].blocked used by CheckingR is the same as one in a sequen-
tial execution without any interference between the two events that C ASN;
is blocked and that OPJi].blocked is read. Therefore, the unlock-condition
is checked correctly. Moreover, if CASN;’s state is changed to Unlock, the
words from OP[i].addr[z] to OP[i].addr[N] acquired by CASN; after time
to due to another process’s help, will be also released. This is the same as a
sequential execution: if CASN;’s state is changed to Unlock at time ¢y, no
further words can be acquired. ]

2.6 Evaluation

We compared our algorithms to the two best previously known alterna-
tives: i) the lock-free algorithm presented in [22] that is the best representa-
tive of the recursive helping policy (RHP), and ii) the algorithm presented
in [31] that is an improved version of the software transactional memory [32]
(iISTM). In the latter, a dummy function that always returns zero is passed
to CASN. Note that the algorithm in [31] is not intrinsically wait-free be-
cause it needs an evaluating function from the user to identify whether the
CASN will stop and return when the contention occurs. If we pass the above
dummy function to the CASN, the algorithm is completely lock-free.
Regarding the multi-word compare-and-swap algorithm in [18], the lock-
free memory management scheme in this algorithm is not clearly described.
When we tried to implement it, we did not find any way to do so without
facing live-lock scenarios or using blocking memory management schemes.
Their implementation is expected to be released in the future [17], but was
not available during the time we performed our experiments. However,
relying on the experimental data of the paper [18], we can conclude that this
algorithm performs approximately as fast as iSTM did in our experiments,
in the shared memory size range from 256 to 4096 with sixteen threads.
The system used for our experiments was an ccNUMA SGI Origin2000
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with thirty two 250MHz MIPS R10000 CPUs with 4MB L2 cache each.
The system ran IRIX 6.5 and it was used exclusively. An extra processor
was dedicated for monitoring. The Load-Linked (LL), Validate (VL) and
Store-Conditional (SC) instructions used in these implementations were im-
plemented from the LL/SC instructions supported by the MIPS hardware
according to the implementation shown in Figure 5 of [30], where fields tag
and wval of wordtype were 32 bits each. The experiments were run in 64-bit
mode.

The shared memory Mem is divided into N equal parts, and the "
word in N words needing to be updated atomically is chosen randomly
in the i"" part of the shared memory to ensure that words pointed by
OPli].addr|1]...OPJi].addr[N] are in the increasing order of their indices on
Mem. Paddings are inserted between every pair of adjacent words in Mem
to put them on separate cache lines. The values that will be written to words
of Mem are contained in a two-dimensional array Value[3][N]. The value of
Mem]i] will be updated to Value[l][i], Value[2][i], Value[3][i], Value[l][i],
and so on, so that we do not need to use the procedure Read, which also
uses the procedure Help, to get the current value of Mem][i]. Therefore,
the time in which only the CASN operations are executed is measured more
accurately. The CPU time is the average of the useful time on each thread,
the time only used for CASNs. The useful time is calculated by subtracting
the overhead time from the total time. The number of successful CASNs is
the sum of the numbers of successful CASNs on each thread. Each thread
executing the CASN operations precomputes N vectors of random indices
corresponding to N words of each CASN prior to the timing test. In each
experiment, all CASN operations concurrently ran on thirty processors for
one minute. The time spent on CASN operations was measured.

The contention on the shared memory Mem was controlled by its size.
When the size of shared memory was 32, running eight-word compare-and-
swap operations caused a high contention environment. When the size of
shared memory was 16384, running two-word compare-and-swap operations
created a low contention environment because the probability that two CAS2
operations competed for the same words was small. Figure 2.14 shows the
total number of CASN and the number of successful CASN varying with the
shared memory size. We think this kind of chart gives the reader a good
view on how each algorithm behaves when the contention level varies by
comparing the total number of CASN and the number of successful CASN.
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Figure 2.14: The numbers of CAS2s, CAS4s and CAS8s and the number of
successful CAS2s, CAS4s and CASS8s in one second

2.6.1 Results

The results show that our CASN constructions compared to the previous
constructions are significantly faster for almost all cases. The left charts
in Figure 2.14 describes the number of CASN operations performed in one
second by the different constructions.

In order to analyze the improvements that are because of the reactive
behavior, let us first look at the results for the extreme case where there
is almost no contention and the reactive part is rarely used: CAS2 and
the shared memory size of 16384. In this extreme case, only the efficient
design of our algorithms gives the better performance. In the other extreme
case, when the contention is high, for instance the case of CAS8 and the
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shared memory size of 32, the brute force approach of the recursive helping
scheme (RHP) is the best strategy to use. The recursive scheme works
quite well because in high contention the conflicts between different CASN
operations can not be really solved locally by each operation and thus the
serialized version of the recursive help is the best that we can hope for. Our
reactive schemes start helping the performance of our algorithms when the
contention coming from conflicting CASN operations is not at its full peak.
In these cases, the decision on whether to release the acquired words plays
the role in gaining performance. The benefits from the reactive schemes
come quite early and drive the performance of our algorithms to reach their
best performance rapidly. The left charts in Figure 2.14 shows that the
chart of RHP is nearly flat regardless of the contention whereas those of our
reactive schemes increase rapidly with the decrease of the contention.

The right charts in Figure 2.14 describes the number of successful CASN
operations performed in one second by the different constructions. The
results are similar in nature with the results described in the previous para-
graph. When the contention is not at its full peak, our reactive schemes
catch up fast and help the CASN operations to solve their conflicts locally.

Both figures show that our algorithms outperform the best previous al-
ternatives in almost all cases. At the memory size 16384 in the left charts
of Figure 2.14:

CAS2 : the first reactive compare-and-swap (1stRCAS) and the second
one (2ndRCAS) are about seven times and nine times faster than both
RHP and iSTM, respectively.

CAS4 : both RCAS are four times faster than both RHP and iSTM.
CASS8 : both RCAS are two times faster than both RHP and iSTM.

Regarding the number of successful CASN operations, our RCAS algo-
rithms still outperform RHP and iSTM in almost all cases. Similar to the
above results, at the memory size of 16384 in the right charts of Figure 2.14,
both reactive compare-and-swap operations perform faster than RHP and
iSTM from two to nine times.

2.7 Conclusions

Multi-word synchronization constructs are important for multiprocessor sys-
tems. Two reactive, lock-free algorithms that implement multi-word compare-
and-swap operations are presented in this paper. The key to these algorithms
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is for every CASN operation to measure in an efficient way the contention
level on the words it has acquired, and reactively decide whether and how
many words need to be released. Our algorithms are also designed in an
efficient way that allows high parallelism —both algorithms are lock-free—
and most significantly, guarantees that the new operations spend signifi-
cantly less time when accessing coordination shared variables usually ac-
cessed via expensive hardware operations. The algorithmic mechanism that
measures contention and reacts accordingly is efficient and does not cancel
the benefits in most cases. Our algorithms also promote the CASN opera-
tions that have higher probability of success among the CASNs generating
the same contention. Both our algorithms are linearizable. Experiments on
thirty processors of an SGI Origin2000 multiprocessor show that both our
algorithms react quickly according to the contention conditions and signifi-
cantly outperform the best-known alternatives in all contention conditions.

In the near future, we plan to look into new reactive schemes that may
further improve the performance of reactive multi-word compare-and-swap
implementations. The reactive schemes used in this paper are based on
competitive online techniques that provide good behavior against a mali-
cious adversary. In the high performance setting, a weaker adversary model
might be more appropriate. Such a model may allow the designs of schemes
to exhibit more active behavior, which allows faster reaction and better
execution time.
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Abstract

The reactive diffracting trees are known efficient distributed data struc-
tures for supporting synchronization. They not only distribute a set of pro-
cesses to smaller groups accessing different parts of the memory in a global
coordinated manner, but also adjust their size in order to attain efficient
performance across different levels of contention. However, the existing re-
active adjustment policy of these trees is sensitive to parameters that have
to be manually set in an optimal way and be determined after experimenta-
tion. Because these parameters depend on the application as well as on the
system configuration, determining their optimal values is hard in practice.

'This paper appeared as a Technical Report No. 2003-09 at the department of Com-
puter Science, Chalmers University of Technology in 2003.
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Moreover, because the reactive diffracting trees expand or shrink one level at
a time, the cost of a multi-adjustment phase on a reactive tree can become
high.

The main contribution of this paper is that it shows that it is possible
to have reactive distributed trees for counting and balancing with no need
for the user to fix manually any parameters. We present a data structure
that in an on-line manner balances the trade-off between the tree traversal
latency and the latency due to contention at the tree nodes. Moreover, the
fact that our method can expand or shrink a subtree several levels in any
adjustment step, has a positive effect in the efficiency: this feature helps
the self-tuning reactive tree minimize the adjustment time, which affects not
only the execution time of the process adjusting the size of the tree but also
the latency of all other processes traversing the tree at the same time with
no extra memory requirements. Our experimental study compared the new
trees with the reactive diffracting ones on the SGI Origin2000, o well-known
commercial ccNUMA multiprocessor. This study showed that the self-tuning
reactive trees i) select the same tree depth as the reactive diffracting trees
do; ii) perform better and iii) react faster.

3.1 Introduction

Distributed data structures suitable for synchronization that perform effi-
ciently across a wide range of contention conditions are hard to design. Typ-
ically, “small”, “centralized” such data structures fit better low contention
levels, while “bigger”, “distributed” such data structures can help in dis-
tributing concurrent processor accesses to memory banks and in alleviating
memory contention.

Diffracting trees [34] are well-known distributed data structures. Their
most significant advantage is the ability to distribute a set of concurrent
process accesses to many small groups locally accessing shared data, in a
coordinated manner. Each process(or) accessing the tree can be considered
as leading a token that follows a path from the root to the leaves. Each node
is a computing element receiving tokens from its single input (coming from
its parent node) and sending out tokens to its outputs; it is called balancer
and acts as a toggle mechanism which, given a stream of input tokens, al-
ternately forwards them to its outputs, from left to right (sending them to
the left and right child nodes, respectively). The result is an even distribu-
tion of tokens at the leaf nodes. Diffracting trees have been introduced for
counting-problems, and hence the leaf nodes are counters, assigning numbers
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to each token that exits from them. Moreover, the number of tokens that
are output at the leaves, satisfy the step property, which states that: when
there are no tokens present inside the tree and if out; denotes the number
of tokens that have been output at leaf i, 0 < out; — out; < 1 for any pair
i and j of leaf-nodes such that i < j (i.e. if one makes a drawing of the
tokens that have exited from each counter as a stack of boxes, the combined
outcome will have the shape of a single step).

The fixed-size diffracting tree is optimal only for a small range of con-
tention levels. To solve this problem, Della-Libera and Shavit proposed the
reactive diffracting trees, where each node can shrink (to a counter) or grow
(to a subtree with counters as leaves) according to the current load, in order
to attain optimal performance [10].

The algorithm in [10] uses a set of parameters to make its decisions,
namely folding/unfolding thresholds and the time-intervals for consecutive
reaction checks. The parameter values depend on the multiprocessor system
in use, the applications using the data structure and, in a multiprogramming
environment, on the system utilization by the other programs that run con-
currently. The programmer has to fix these parameters manually, using
experimentation and information that is commonly not easily available (fu-
ture load characteristics). A second characteristic of this scheme is that the
reactive part is allowed to shrink or expand the tree only one level at a time.

In this work we show that reactiveness and these two characteristics are
not tied together: in particular, we present a tree-type distributed data
structure that has the same semantics as the reactive trees that can expand
or shrink many levels at a time, without need for manual tuning. To cir-
cumvent the need for manually setting parameters, we have analyzed the
problem of balancing the trade-off between the two key measures, namely
the contention level and the depth of the tree, in a way that enabled the use
of efficient on-line methods for its solution. The new data structure is also
considerably faster than the reactive diffracting trees, because of the low-
overhead, multilevel reaction part: the new reactive trees can shrink and
expand many levels at a time without using clock readings. The self-tuning
reactive trees?, like the reactive diffracting trees, are aimed in general for
applications where such distributed data structures are needed. Since the
latter were introduced in the context of counting problems, we use similar
terms in our description, for reasons of consistency.

2We do not use term diffracting in the title of this paper since our algorithmic imple-
mentation does not use the prism construct, which is in the core of the algorithmic design
of the (reactive) diffracting trees.
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The rest of this paper is organized as follows. The next section provides
basic background information about (reactive) diffracting trees. Section 3.3
presents the key idea and the algorithm of the self-tuning reactive tree. Sec-
tion 3.4 describes the implementation of the tree. Section 3.5 shows the
correctness of our algorithm. Section 3.6 presents an experimental evalua-
tion of the self-tuning reactive trees, compared with the reactive diffracting
trees, on the Origin2000 platform, and elaborate on a number of properties
of our algorithm. Section 3.7 concludes this paper.

3.2 Diffracting and Reactive-Diffracting Trees

—.0 a E:4, AO
@4,54, C:2, A0

H F:5, B1
1
F,E,D,C, B, A
N\ @)

L @a D3
(A) (B)

Figure 3.1: Diffracting tree A and reactive diffracting tree B

Figure 3.1(A) shows an example of diffracting tree. The set of proces-
sors A, B,C, D, E, F is balanced on all counters where counters C4, C6 are
accessed by only two processors and counters C'5, C'7 by only one processor.
Tokens passing one of these counters receive integers 7, i+4, i+2%4, - - - where
1 is initial value of the counter. In the figure, processors A, B,C, D, E, F re-
ceive integers 0,1, 2, 3,4, 5, respectively. Even though the processors access
separate shared data (counters), they still receive numbers that form a con-
secutive sequence of integers as if they would have accessed a centralized
counter.

Della-Libera and Shavit improved these trees to the reactive diffracting
trees where each counter can independently shrink or grow according to the
current load in order to attain optimal performance[10]. Trees (A) and (B)
in Firgure 3.1 depict the folding action of a reactive diffracting tree. Assume
at the beginning the reactive diffracting tree has the shape like tree (A). If
the loads on two counters C'4 and C5 are small, the sub-tree whose root
is B2 shrinks to counter C2 as in tree (B). If the sequence of processors
A,B,C, D, E,F traverse the reactive diffracting tree (B), three processors
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A, C, E will visit counter C2. That is, the latency for processors to go from
the root to the counter decreases and the load on counter C2 increases.

3.3 Self-tuning reactive trees

3.3.1 Problem descriptions

The problem we are interested in is to construct a tree that satisfies the
following requirements:

1. It must evenly distributes a set of concurrent process accesses to many
small groups locally accessing shared data (counters at leaves), in a
coordinated manner like the (reactive) diffracting trees. The step-
property must be guaranteed.

2. Moreover, it must automatically and efficiently adjust its size accord-
ing to its load in order to gain performance. It must not require any
manually tuning parameters.

In order to satisfy these requirements, we have to tackle the following
algorithmic problems:

1. Design a dynamic mechanism that would allow the tree to predict when
and how much it should resize in order to obtain good performance
whereas the load on it changes unpredictably. Moreover, the overhead
that this mechanism will introduce should not exceed the performance
benefits that the dynamic behavior itself will bring.

2. This dynamic mechanism should not only adjust the size of the tree
in order to improve performance, but, more significantly, adjust it in
a way that the tree still guarantees the fundamental properties of the
structure, such as the step property.

3.3.2 Key idea

The ideal reactive tree is the one in which each leaf is accessed by only one
process(or) —or token®- at a time and the cost to traverse it from the root
to the leaves is kept minimal. However, these two latency-related factors
are opposite to each other, i.e. if we want to decrease the contention at the
leaves, we need to expand the tree and so the cost to traverse from the root
to the leaves increases.

3The terms processor, process and token are used interchangeably throughout the paper
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What we are looking for is a tree where the overall overhead, including
the latency due to contention at the leaves and the latency due to traversal
from the root to the leaves, is minimal and with no manual tuning. In
addition to this, an algorithm that can achieve the above, must also be able
to cope with the following difficulties: If the tree expands immediately when
the contention level increases, then it will pay the expensive cost for travel
and this cost is going to be unnecessary if after that the contention level
suddenly decreases. On the other hand, if the tree does not expand in time
when the contention-level increases, it has to pay the large cost of contention.
If the algorithm knew in advance about the changes of contention-levels at
the leaves in the whole time-period that the tree operates, it could adjust
the tree-size at each time-point in a way such that the overall overhead is
minimized. As the contention-levels change unpredictably, there is no way
for the algorithm to know this kind of information, i.e. the information
about the future.

To overcome this problem, we have designed a reactive algorithm based
on the online techniques that are used to solve the online currency trading
problem [11].

Definition 3.3.1. Let surplus denote the number of processors that exceeds
the number of leaves of the self-tuning reactive tree, i.e. the subtraction
of the number of the leaves from the maximal number of processors in the
system that potentially want to access the tree. The surplus represents the
contention level on the tree because the surplus processors cause contention
on the leaves.

Definition 3.3.2. Let latency denote the latency due to traversal from the
root to the leaves.

Our challenge is to balance the trade-off between surplus and latency.
Our solution for the problem is based on an optimal competitive algorithm
called threat-based algorithm [11]. The algorithm is an optimal solution
for the one-way trading problem, where the player has to decide whether
to accept the current exchange rate as well as how many of his/her dollars
should be exchanged to yens at the current exchange rate without knowledge
on how the exchange rate will vary in the future.

3.3.3 The new algorithm

In the self-tuning reactive trees, to adapt to the changes of the contention
efficiently, a leaf should be free to shrink or grow to any level suggested by
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the reactive scheme in one adjustment step. With this in mind, we designed
a data structure for the trees such that the time used for the adjustment and
the time in which other processors are blocked by the adjustment are kept
minimal. Figure 3.2 illustrates the self-tuning reactive tree data structure.
Each balancer has a matching leaf with corresponding identity. Symmet-
rically, each leaf that is not at the lowest level of the tree has a matching
balancer with corresponding identity. The squares in the figure are balancers
and the circles are leaves. The numbers in the squares and circles are their
identities. Each balancer has two outputs, left and right, each of them
being a pointer that can point to either a leaf or a balancer. A shrink or
expand operation is essentially a switch of such a pointer (from the balancer
to the matching leaf or from the leaf to the matching balancer, respectively).
The solid arrows in the figure represent the present pointer contents.

level

6@ CNC @@ @@

Figure 3.2: self-tuning reactive tree

Assume the tree has the shape as in Figure 3.2, where the solid arrows
are the pointers’ current contents. A processor p; first visits the tree at its
root I N, then following the root pointer visits balancer 1. When visiting
a balancer, p; switches the balancer’s toggle-bit to the other position (i.e.
from left to right and vise-versa) and then continues visiting the next node
according to the toggle-bit. When visiting a leaf L, p; before taking an ap-
propriate counter value and exiting, checks the reaction condition according
to the current load at L. The reaction condition estimates which tree level
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is the best for the current load.

The reaction procedure

In order to balance the trade-off between surplus and latency, the procedure
can be described as a game, which evolves in load-rising and load-dropping
transaction phases.

Definition 3.3.3. A load-rising (resp. load-dropping) transaction phase is
a mazximal sequence of subsequent visits at a leaf-node with monotonic non-
decreasing (resp. non-increasing) estimated contention-level over all the tree.
A load-rising phase ends when a decrease in contention is observed; at that
point a load-dropping phase begins.

During a load-rising phase, a processor traversing that leaf, may decide
to expand the leaf to a subtree of depth that depends on the amount of the
rising contention-level. That value is computed using the threat-based on-line
method of [11], following the principle: “expand just enough to guarantee
a bounded competitive ratio, even in the case that contention may drop to
minimum at the next measurement”. Symmetric is the case during a load-
dropping phase, where the reaction is to shrink a subtree to the appropriate
level, depending on the measurement. The computation of the level to
shrink to or to expand to uses the number of processors in the system as an
upper bound of contention. The reaction procedure is described in detail in
Section 3.4.3.

Depending on the result of checking the reaction condition, the processor
acts as follows:

Recommended reaction: Grow to level [} e, 1.€. the current load is
too high for the leaf L and L should expand to level lj,e-. The processor,
before exiting the tree through L, must help in carrying out the expansion
task. To do so, the corresponding subtree must be constructed (if it was not
already existent), the subtree’s counters’ (leaves’) values must be set, and
the pointer pointing to L must switch to point to its corresponding balancer,
which is the root of the subtree resulting from the expansion.

Recommended reaction: Shrink to level l;;ghe,, the current load at the
leaf L is too low and thus L would like to cause a shrink operation to a higher
level lp;igher, in order to reduce the latency of traversing from the root to the
present level. This means that the pointer to the corresponding balancer
(i.e. ancestor of L) at level lpigher must switch to point to the matching
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counter (leaf) and the value of that counter must be set appropriately. Let
B denote that balancer. The sub-tree with B as a root contains more leaves
than just L, which might not have decided to shrink to l;gner, and thus the
processor must take this into account. To enable processors do this check,
the algorithm uses an asynchronous vote-collecting scheme: when a leaf L
decides to shrink to level lj;gner, it adds its weighted vote for that shrinkage
to a corresponding vote-array at balancer B.

Definition 3.3.4. The weight of the vote of leaf L is the number of lowest-
level leaves in the subtree rooted at the balancer matching L.

As an example in Figure 3.2 the weight of the vote of leaf 4 is 2. Note
that when voting for balancer B, the leaf L is not concerned about whether
B has shrunk into its matching leaf or not. The processor that helps L
write its vote to B’s vote-array, will then check whether there are enough
votes collected at B’s vote-array. If there are enough votes collected at B’
vote-array, i.e. if the sum of their weights are more than half of the total
possible weight of the sub-tree rooted at B (i.e. if more than half of that
subtree wants to shrink to the leaf matching B), the shrinkage will happen.
After completing the shrinkage task, the processor increases and returns
the counter value of L, thus exiting the tree. In the checking process, the
processor will abort if the balancer B has shrunk already by a concurrent
operation.

In the shrinkage procedure, the leaf matching B and the leaves of the
sub-tree rooted at B must be locked in order to (i) collect their counters’
values, (ii) compute the next counter value for the leaf matching B and
(iii) switch the pointer from B to its matching leaf. Note that all the leaves
of subtree B need to be locked only if the load on the subtree is so small
that it should be shrunk to a leaf. Therefore, locking the subtree in this
case effectively behaves as if locking a leaf (i.e. as it is done in the classical
reactive diffracting trees) from the performance point of view.

Example of executing grow : Consider a processor p; visiting leaf 3
in Figure 3.2, and let the result of the check be that the leaf should grow
to sub-tree A with leaves 12,13, 14 and 15: The processor first constructs
the sub-tree, whereas at the same time other processors may continue to
access leaf 3 to get the counter values and then exit the tree without any
disturbance. After that, it locks leaf 3 in order to (i) switch the pointer to
balancer 3 and (ii) assign the proper values to counters 12,13,14 and 15,
then it releases leaf 3. At this point, the new processors following the left
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pointer of balancer 1 will traverse through the new sub-tree, whereas the old
processors that were directed to leaf 3 before, will continue to access leaf 3’s
counter and exit the tree. After completing the expansion task, p; continues
its normal task to access leaf 3’s counter and exits the tree.

Example of executing shrink : Consider a processor p; visiting leaf
10 in Figure 3.2 and let the result of the reaction condition be that the
subtree should shrink to leaf 2. Because the sub-tree rooted at balancer 2
contains more leaves besides 10, which might not have decided to shrink to
2, processor p; will check the votes collected at 2 for shrinking to that level.
Assume that leaf 4 has voted for balancer 2, too. The weight of leaf 4’s
vote is two because the vote represents leaves 8 and 9 at the lowest level.
Leaf 10’s vote has weight 1. Therefore, the sum of the weights of the votes
collected at balancer 2 is 3. In this case, processor p; will help balancer 2
to perform the shrinkage task because the weight of votes, 3, is more than
half of the total possible weight of the sub-tree (i.e. more than half of 4,
which is the number of the leaves at the lowest level of the subtree —8,9, 10
and 11). Then p; locks leaf 2 and all the leaves of the sub-tree rooted at
balancer 2, collects the counter values at them, computes the next counter
value for leaf 2 and switches the pointer from balancer 2 to leaf 2. After
that, all the leaves of the sub-tree are released immediately so that other
processors can continue to access their counters. As soon as the counter at
leaf 2 is assigned the new value, the new processors going along the right
pointer of balancer 1 can access the counter and exit the tree whereas the old
processors are traversing in the old sub-tree. After completing the shrinkage
task, the processor exits the tree, returning the value from counter 10.

Space needs of the algorithm

In a system with n processors, the algorithm needs n—1 balancer nodes and
2n —1 leaf nodes. Note that it may seem that the data structure for the self-
tuning reactive trees uses more memory space than the data structure for
the reactive diffracting trees, since it introduces an auxiliary node (matching
leaf) for each balancer of the tree. However, this is actually splitting the
functionality of a node in the reactive diffracting trees into two components,
one that is enabled when the node plays the role of a balancer and another
that is enabled when the node plays the role of a leaf (cf. also Section 3.4.4
and Section 3.4.5). In other words, the corresponding memory requirements
are similar. From the structure point of view, splitting the node functionality
is a fundamental difference between the self-tuning trees and the reactive
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diffracting trees. The voting arrays, space needs at each balancer, are O(k),
similar to the space needs for the prism at each balancer of the reactive
diffracting trees, where k is the number of leaves of the subtree rooted at
the balancer.

3.4 Implementation

3.4.1 Preliminaries

Data structure and shared variables: Figure 3.3 describes the tree
data structure and the shared variables used in the implementation.

type NodeType = record /*stored in one word*/
Nid : [1..MaxNodeld); kind : {BALANCER, LEAF'};
mask: bit; end; /*the last bit of the word, init =0*/
BalancerType = record
state : {ACTIV E,OLD}; level : int; toggleBit : boolean;
parent : [1..MaxNodeld]; leftChild, rightChild : NodeType;
votes : array[l..SizeO f Subtree Rooted At Balancer] of int; end;
Lea fType = record
state : {ACTIVE,OLD}; level : int; count : int;
parent : [1..MaxNodeld);
lock : {0..MaxNodeld}; /*init =0, else Nid holding the lock*/
contention : int; tot LoadE st : int;
transPhase : {RISING, DROPPING};
latency, baseLatency, surplus, baseSurplus int;
/* init latency = baseLatency = 0,
surplus = baseSurplus = MaxProcs —1 */
oldSugLevel, sugLevel : int; end; /*initialized to level*/
shared variables
Balancers : array|[0..MaxzNodeld] of BalancerType;
/*Balancers[0] is "IN” node, whose rightChild is unused, cf. fig 3.2*/
Leaves : array[l..MaxzNodeld] of LeafType;
TokenToReact : array[l..MaxNodeld] of boolean;
Tracing : array[l..MaxProcs] of [1..MaxNodeld];
private variables
MyPath : array[l..MaxLevel] of NodeType; /*one for each processor*/

Figure 3.3: The tree data structure
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Synchronization primitives: The synchronization primitives used for
the implementation are test-and-set (TAS), fetch-and-zor (FAX) and compare-
and-swap (CAS). The definitions of the primitives are described in Fig-
ure 3.4, where x is a variable and v, old, new are values.

TAS(z) /*init: x:=0 */ FAX (x,v) CAS (z,old,new)
atomically{ atomically{ atomically{
oldx := x; oldzr := x; oldx = x;
=1 X 1= T XOr v; if (z = old) then
return oldx; return oldx; T = new;
} } return oldz;
}

Figure 3.4: Synchronization primitives

Moreover, in order to simplify the presentation and implementation of
our algorithm, we define, implement and use two advanced synchronization
operations: read-and-follow-link and conditionally acquiring lock. The read-
and-follow-link operation and the conditionally acquiring lock operation are
described in the following paragraphs and are outlined in pseudo-code in
Figure 3.5.

Read-and-follow-link operation: An auxiliary array Tracing is used
to keep track where each processor is in the tree (Figure 3.6). Processor
p; writes to its corresponding entry Tracingli] the node it will go before it
visits the node. Each element T'racing[i] can be updated by only one proces-
sor p; via procedure Assign(xtrace;, *child) and can be read by many other
processors via procedure Read(xtrace;) (Figure 3.5). The former reads the
variable pointed by child and then writes its value to the variable pointed
by trace;. The latter reads the variable at trace;. They are the only proce-
dures that can access array Tracing. The two-word assignment operation
Assign() is atomic to Read() operation, which is responsible for reading the
word?. The two operations are lock-free and thus they improve parallelism
and performance of the tree. In the design of our tree, we use lock-based syn-
chronizations only at the leaves, where the contention is much lower than
that at the higher-level balancers. At all the balancers, we use lock-free
operations to synchronize processes.

4The proof is given in Lemma, 3.5.1
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NodeType AsSIGN(NodeType * trace;, NodeType * child)

AQ xtrace; := child;/*mark trace; under update,clearing mask-bit*/
Al temp := xchild; /*get the expected value*/

A2 temp.mask :=1; /*set the mask-bit*/

A3 if (local := C AS(trace;, child, temp)) = child then return temp;
A4 else return local;

NodeType READ(NodeType * trace;)

RO do

R1 local := trace;;

R2 if local.mask = 0 then /*trace; is marked*/

R3 temp = xlocal; /*help corresponding Assign() ...*/
R4 temp.mask = 1;

R5 CAS(trace;, local, temp);

R6 while(local.mask = 0); /*... until the Assign() completes*/
R7 return local;

boolean ACQUIRELOCK_COND( int lock, int Nid)

ALO while ((CurOccld := CAS(lock,0, Nid)) # 0) do
AL1  if IsParent(CurOccld, Nid) then return Fail;
AL2 Delay using exponential backoff;

AL3 return Success;

Figure 3.5: The Assign, Read and AcquireLock_cond procedures

Conditionally acquiring lock operations: During both the expansion
and shrinkage procedures, a processor has to use Acquire Lock_cond(lock, Nid)
to acquire the lock of a leaf on behalf of a node Nid by writing the node
identity Nid to the lock. If that lock is occupied on behalf of an ancestor of
node Nid, the procedure returns Fail (line AL1, Figure 3.5).

In the implementation of this procedure, we employed a busy-waiting
with exponential back-off technique instead of queue-lock because the con-
tention at the leaf of our self-tuning reactive tree is kept low. In the low-
contention environment, the busy-waiting with exponential back-off tech-
nique achieves better performance than the queue-lock, which uses a more
complicated data structure [28].

For acquiring the lock of a leaf to increase its counter value (i.e. not per-
form a self-adjustment task), processors use procedure AcquireLock without
condition. The procedure is similar to AcquireLock_cond but does not check
the ancestor-condition (line AL1, Figure 3.5). Procedure AcquireLock al-
ways returns Succeed.

The way these locking mechanisms interact and ensure safety and live-
ness in our data structure accesses is explained in the descriptions of the
implementations of the Grow and Shrink procedures and is proven in Sec-
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tion 3.5.

3.4.2 Traversing self-tuning reactive trees

int TRAVERSETREE( int Pid)
T0 CurNode := Assign(&Tracing[Pid], & Balancers|0].le ftChild);
for(i :=1;;i++) do
T1  MyPath[i] := CurNode;
T2  if IsBalancer(CurNode) then
CurNode := TraverseB(Balancers[CurNode.Nid], Pid)
/*use and update toggleBit, record new position in Tracing[pid]*/
else /*IsLeaf*/
T3 Leaves|CurNode.Nid].contention + +;
T4 if (Leaves|CurNode.Nid).state = ACTIV E) and
(TAS(TokenToReact|[CurNode.Nid]) = 0) then
react := CheckCondition(Leaves|Cur Node.Nid));

TS if react = SHRINK then
Elect2Shrink(CurNode.Nid, path);

T6 else if react = GROW then Grow(CurNode.Nid);

T7 Reset(TokenToReact|CurNode.Nid));

T8 result := TraverseL(CurNode.Nid);

T9 Leaves[CurNode.Nid].contention — —;

T10 Assign(&Tracing[Pid], & Balancers|0));/*reset Tracing[Pid]*/
T11 return result;

NodeType TRAVERSEB(BalancerType B, int Pid)

B0  if ((k:= FAX(B.toggleBit,1)) = 0) then

B1 return (Assign(&Tracing[Pid], &B.rightChild));
B2  else return (Assign(&Tracing[Pid], &B.le ftChild));

int TRAVERSEL( int Nid)

L0 L := Leaves[Nid];

L1 AcquireLock(L.lock, Nid); /*lock the leaf*/

L2 result := L.count; L.count := L.count + 2%-tevel.
L3  Release(L.lock); /*release the leaf*/

L4 return result;

Figure 3.6: The TraverseTree, TraverseB and Traversel. procedures

Every processor Pid wanting to get a counter value has to traverse the
tree by calling function TraverseTree(), Figure 3.6. Firstly, the processor
visits Balancer|0], which is a special node (the “IN” node in Figure 3.2),
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the “tree entrance”, whose right child is unused and left child points to the
root balancer (Balancers|[1]) or to the corresponding leaf (Leaves[1]) if the
whole tree degenerated to one leaf. Before visiting root balancer or root
leaf, the processor pid updates its new location in Tracing|[Pid] (line TO).
The path along which the processor traverses the tree is recorded in the
processor’s private variable MyPath (cf. Figure 3.3), where MyPathli] is
the balancer or leaf the processor visited at level ¢. Moreover, the processor
assigns to the entry Tracingl[i] its current position in the tree each time (so
that it is traceable). According to the kinds of nodes the processor visits, it
will behave correspondingly:

Balancer: the processor calls procedure TraverseB to read and switch
the balancer’s toggle-bit (line T2 in TraverseTree()) as well as to follow
the corresponding child link. According to the value of the toggle-bit, the
processor updates it new location to Tracing[pid] (lines B1, B2 in Tra-
verseB()).

Leaf: 1In all cases, the processor calls procedure TraverseL to read and
increase the leaf counter L.count (line T8) and resets Tracing|pid] to the
value of Root, node IN in Figure 3.2 (line T10). If the processor exits
the tree through a leaf whose state is ACTIV E® , the processor must ac-
tively execute the reaction procedure. To do that, it needs to get hold of the
TokenToReact (if that is not available, then some other processor is execut-
ing the reactive procedure on behalf of the leaf, which imples for processor
Pid that it does not need to do the same job). Subsequently, procedure
CheckCondition needs to be invoked. Depending on the outcome, the pro-
cessor will invoke procedure Grow - which expands the leaf to a subtree - or
procedure Elect2Shrink, which votes for the appropriate level to shrink to,
and, if the votes collected for that decision are adequate, also performs the
actual shrinkage. Subsections 3.4.4 and 3.4.5 give the details of the actions
and synchronization needed during the procedures Grow and Shrink.

3.4.3 Reaction conditions

As mentioned in section 3.3.3, each leaf L of the self-tuning reactive tree
estimates which level is the best for the current load. The leaf estimates the
total load of tree by using the following formula:

®Meaning that its state is not OLD; intuitively, old leaves (and old balancers) are those
that a new processor traversing from the root cannot visit at that time
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int CHECKCONDITION(Lea fType L)
CO0 TotLoadEst := MIN(MazProcs, L.contention * 2L-tevel).
Cl FirstInPhase := False;
C2 if (L.transPhase = RISING) and (TotLoadEst < L.totLoadEst) then
L.transPhase := DROPPING;
L.baseLatency := L.latency; FirstInPhase := True;
C3 else if (L.transPhase = DROPPING) and
(TotLoadEst > L.totLoadEst) then
L.transPhase := RISING;,
L.baseSurplus := L.surplus; FirstInPhase := True;
C4 if L.transPhase = RISING then
Surplus2Latency(L, TotLoadEst, FirstInPhase);
C5 else
Latency2Surplus(L, m,
C6 L.totLoadEst := TotLoadFEst;
C7 L.oldSugLevel := L.sugLevel,
C8 L.sugLevel := logs(MaxzProcs — L.surplus);
C9 if L.sugLevel < L.level then return SHRINK;
C10 else if L.sugLevel > L.level then return GROW;
C11 else return NONE;

FirstInPhase);

SURPLUS2LATENCY (L, T'ot LoadE'st, FirstInPhase)
SLO X := L.surplus; baseX := L.baseSurplus; Y := L.latency;
SL1 rXY :=TotLoadEst; Lr XY := L.totLoadFEst;
SL2 if FirstInPhase then
if rXY >mXY «C then /* mXY: lower bound of rXY*/
deltaX := baseX * = x W, /*C: comp. ratio*/
SL3 else
deltaX := baseX x & » SEX=LrIY,
SL4  L.surplus := L. surplus — deltaX;
SL5 L.atency := L.latency + deltaX *rXY;
LATENCY2SURPLUS(L, 7o FiirstInPhase)
/* symmetric to the above with:
X :=1L. latency, baseX := L.baseLatency; Y := L.surplus;

rXY = LrXY :=

— 1 . >/</
TotLoadE'st7 L.totLoadEst’

Figure 3.7: The CheckCondition, Surplus2Latency and Latency2Surplus
procedures
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TotLoadEst = L.contention x 25-1¢vel (3.1)

line CO in CheckCondition() in Figure 3.7, where MaxProcs is the maxi-
mum number of processors potentially wanting to access the tree and L.contention,
the contention of a leaf, is the number of processors that currently visit the

leaf. L.contention is increased by one every-time a processor visits the leaf

L (line T3 in Figure 3.6) and is decreased by one when a processor leaves

the leaf (line T9 in Figure 3.6). Because the number of processors accessing

the tree cannot be greater than MaxProcs we have an upper bound for the

load: TotLoadE st < MaxProcs.

At the beginning, the initial tree is just a leaf, so the the initial surplus,
baseSurplus, is MaxProcs — 1 and the initial latency, baseLatency, is 0.
Then, based on the contention variation on each leaf, the values of surplus
and latency will be changed according to the online trading algorithm.
Procedure Surplus2Latency() (respectively Latency2Surplus()) is invoked
(lines C4, C5), to adjust the number of surplus processors that the tree
should have at that time. The surplus value will be used to compute the
number of leaves the tree should have and consequently the level the leaf L
should shrink/grow to.

Procedure Surplus2Latency(L, Tot LoadEst, FirstInPhase) in Figure 3.7
exchanges L.surplus to L.latency according to the threat-based algorithm [11]
using Tot LoadE'st as exchange rate. For self-containment, the computation
implied by this algorithm is explained below. In a load-rising transaction
phase, the following rules must be followed:

1. The tree is expanded only when the estimated current total load is the
highest so far in the present transaction phase.

2. When expanding, expand just enough to keep the competitive ratio

c=p— (pl“f(i;lfl), where ¢ = W, even if the total load drops to

the minimum possible in the next measurement.

The number of leaves the tree should have more is

1 TotLoadEst — TotLoadE st~
deltaSurplus = baseSurplus.E. TotLoadEst — 2

where TotLoadFE st~ is the highest estimated total load before the present
measurement and baseSurplus is the number of surplus processors at the
beginning of the present transaction phase (line SL3, where mXY is the
lower bound of the estimated total load). Everytime a new transaction
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phase starts, the value baseSurplus is set to the last value of surplus in the
previous transaction phase (line C3). The parameter FirstInPhase is used
to identify whether this is the first exchange of the transaction phase. At
the beginning,

surplus = baseSurplus = MaxProcs — 1

i.e. the tree degenerates to a node. Both variables TotLoadEst™ and
baseSurplus are stored in fields TotLoadFE st and baseSurplus of the leaf
data structure, respectively.

Symmetrically, when the tree should shrink to reduce the traversal la-
tency, the exchange rate is the inverse of the total load, r XY = m,
which is increasing. In this case, the value of surplus increases and that of
latency decreases.

3.4.4 Expanding a leaf to a sub-tree

A grow operation of a leaf L to a subtree T, whose root is L’s matching
balancer B and whose depth is L.SugLevel — L.level, essentially needs to
(i) set the counters at the new leaves in T' to proper values to ensure the step
property; (ii) switch the corresponding child pointer of L’s parent from L to
B; and (iii) activate the nodes in 7. (Figure 3.9 illustrates the steps taken
in procedure grow, which is given in pseudocode in Figure 3.8.) Towards
(i), it needs to:

e make sure there are no pending tokens in T'. If there are any, Grow
aborts (step G1 in Grow), since it should not cause “old” tokens get
“new” values (that would cause “holes” in the sequence of numbers
received by all tokens in the end). A new grow operation will be
activated anyway by subsequent tokens visiting L, since L has high
contention.

e acquire the locks for the new leaves, to be able to assign proper counter
values to them (step G3 in Grow) to ensure the step property.

e make a consitent measurement of the number of pending processors in
L and L.count to use in the computation of the aforementioned values
for the counters. Consistency is ensured by acquiring L’s lock (step
G4) and by switching L’s parent’s pointer from L to B (i.e. perfoming
action (ii) described above; step G5 in Grow), since the latter leaves

a “non-interfered” set of processors in L.
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Grow(int Nid) /*Leaves[Nid] becomes OLD;
Balancers[Nid] and its subtree become ACTIVE*/
GO L := Leaves|Nid]; B := Balancers|Nid];
G1 forall i, Read(Tracing[i]) /* Can’t miss any processors since
the current ones go to Leaves[Nid]*/
if 3 pending processors in the subtree rooted at B then
return; /*abort*/
G2 for each balancer B’ in the subtree rooted at B, up to level L.sugLevel — 1
forall entries i : B'.wotesli] := 0; B’.toggleBit = 0;
G3 for each leaf L' at level L.sugLevel of the subtree rooted at B,
in decreasing order of nodeld do
if not AcquireLock_cond(L’.lock, Nid) then
Release all acquired locks; return; /*abort™*/
G4 if (not AcquireLock_cond(L.lock, Nid)) or (L.state = OLD) then
/*15t: an ancestor activated an overlapping Shrink operation*/
/%2 :someone already made the expansion™/
Release all acquired locks; return; /*abort*/
G5 Switch parent’s pointer from L to B;
G6 forall i, Read(Tracingli]) /*Can’t miss any since the new ones go to B*/
ppL := # (pending processors at L);
G7 CurCount := L.count; L.state := OLDi;
G8 Release(L.lock);
G9 for each balancer B’ as described in step G2 do B’.state := ACTIV E;
G10 for each leaf L' as described in step G3 do
update L' .count using ppL and CurCount; L'.state := ACTIV E;
Release(L'.lock);
return;/*Success*/

Figure 3.8: The Grow procedure

Each of these locks’ acquisition is conditional, i.e. if some anscestor of
L holds it, the attempt to lock will return fail. In such a case the grow
procedure aborts, since the failure to get the lock means that there is an
overlapping shrink operation by an ancestor of L. (Note that overlapping
grow operations by an ancestor of L would have aborted, due to the existence
of the token (processor) at L (step G1 in Grow).) Furthermore, the new
leaves’ locks are requested in decreasing order of node-id, followed by the
request of L.lock, to avoid deadlocks.

Towards action (iii) from above, the grow procedure needs to reset the
tree’s T balancers’ toggle bits and vote arrays (before switching L’s parent’s
pointer from L to B; step G2) and set the state values of all balancers
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parent G4-G8: lock L, switch parent ptr from L to B,
=> guarantee non-interfered set of proc’s at L

after grow G1: proceed only if no pending
B processors in B's subtree

L.level

Nid

G2,G9: update & activat
all balancers here

G3,G10: lock, update
. & activate leaves here

Q O e OO0

Figure 3.9: Illustration for Grow procedure

and bottom-level leaves in T' to ACTIVE (after having made sure that the
growing will not abort; step G9-G10).

Assigning new values to the leaf-counters: (procedure Grow(), line
G10). Because all toggle-bits of the balancers in the new sub-tree are reset
to 0, the first processor passing through the new subtree will arrive at the
most right leaf® at level L.sugLevel. The code for assigning counter values
for these new leaves is as in Figure 3.10, where CurCount and ppL are the

next_count_value := CurCount + ppL  2L-tevel,
increment = next_count_value — MostRightLea f.init;
for every leaf L’ at level L.sugLevel do

L' .count = L'.init + increment;

Figure 3.10: Assigning counter values for the new leaves

values read at lines G7 and G6 in Grow(). Local variable next_count_value
is the successive counter value after ppl. pending processors leave leaf L.
Field init in the leaf data structure (Fig. 3.3) is the base to calculate counter
values, which is unchanged. For example, in Fig. 3.1 the base init of counter
C6 is 1 and the n'* counter value is 1 + n * 4.

5The right side is shown in Figure 3.2
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3.4.5 Shrinking a sub-tree to a leaf

Towards a decision of whether and where to shrink to, the token at a leaf
Ly with recommended reaction to shrink to level Ly.SugLevel must add
Ly’s vote in the vote arrays of the balancers of its path from the root,
starting from level Lg.SugLevel, up to level Ly.level — 1 (it must also take
care to remove potentially existing older votes at layers above that; step
El in Elect2Shrink in Figure 3.11). When a balancer with enough votes
is reached, the shrink operation will start (steps E3-E5 in Elect2Shrink).
Figure 3.12 and figure 3.11 illustrate and give the pseudocode of the steps
taken towards shrinking.

Symmetrically to a grow operation, a shrink from a subtree 7" rooted at
balancer B (with enough votes) to B’s matching leaf L, essentially needs
to (i) set the counter at L to the proper value to ensure the step property;
(ii) switch the corresponding child pointer of B’s parent from B to L; and
(iii) de-activate the nodes in 7T'. Towards (i), it needs to:

e make sure there are no pending tokens in L. If there are any, shrink
aborts (step S2 in Shrink), since it should not cause “old” tokens get
“new” values. Subsequent tokens’ checking of the reaction condition
may reinitiate the shrinking later on anyway.

e acquire L’s lock (step S3), to be able to assign an appropriate counter
value to it, to ensure the step property.

e make a consitent measurement of (1) the number of pending processors
in 7" and (2) the values of counters of each leaf L' in T'. Consistency is
ensured by acquiring L'.lock for all L' in T (step S5) and by switching
B’s parent’s pointer from B to L (i.e. perfoming action (ii) described
above; step S6 in Shrink), since the latter leaves a “non-interfered”
set of processors in T'.

Similarly to procedure grow, these locks’ acquisition is conditional. Sym-
metrically with grow, the requests are made first to L.lock and then to the
locks of the leaves in T', in increasing order of node-id, to avoid deadlocks.
Failure to get L.lock implies an overlapping shrink operation by an ancestor
of L. Note that overlapping grow operations by an ancestor of L would have
aborted, due to the existence of the token at B (step G1 in Grow). Note
also that an overlapping shrink by some of L’s ancestors cannot cause any of
the attempts to get some L'.lock to fail, since that shrink operation would
have to first acquire the lock for L (and if it had succeeded in getting that,
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ELECT2SHRINK( int Nid, NodeType MyPathl])
E0 L := Leaves[Nid];/*the leaf asks to shrink*/
if L.oldSugLevel < L.sugLevel then /*new suggested level is
lower than older suggestion™/
for(i := L.oldSugLevel;i < L.sugLevel;i+ +) do

El Balancers[MyPath[i]. Nid].votes[Nid] := 0;
else for (i := L.sugLevel;i < L.oldSugLevel;i+ +) do
E2 B := Balancers[MyPath[i].Nid];
E3 B.votes[Nid] = 2MamLevel—L4level;
E4 bWeight = 2Mazlevel=B.level. /dy,eight of B’s subtree*/
E5 if be;;;ht” > 0.5 then Shrink(i); break;

SHRINK ( int Nid)/*Leaves[Nid] becomes ACTIVE;
Balancers[Nid] and its subtree become OLD*/

S0 B := Balancers|Nid]; L := Leaves[Nid];
S1  if (TAS(TokenToReact[Nid]) = 1) then return; /*abort*/

/*someone else is doing the shrinkage*/
S2  forall i : Read(Tracing[i]) /*can’t miss any since the current

ones go to B*/

if 3 pending processor at L then return;/*abort*/
S3  if ( not AcquiredLock_cond(L.lock, Nid))

or (B.state = OLD) then

/*15: some ancestor is performing Shrink*/

/%2 someone already made the shrinkage*/

Release possibly acquired lock; return; /*abort*/
S4  L.state := OLD; /*avoid reactive adjustment at L*/
S5 forall leaf L' in B’s subtree, in increasing order of nodeld do

AcquireLock_cond(L'.lock, Nid); /*No fails expected since

Grow operations by ancestors will abort at G1*/

S6 Switch the parent’s pointer from B to L
S7  forall i : Read(Tracingli])

eppB := # (effective pending processors in B’s subtree;

/*can’t miss any since the new ones go to L*/
S8  for each balancer B’ in the subtree rooted at B do

B’.state := OLD;

SL :=(; SLCount := (J;

S9  for each leaf L' in the subtree rooted at B do

if (L.state = ACTIV E) then

Compute SL :== UL' and SLCount := UL’.count;
L' .state := OLD;

Release(L'.lock);
S10  L.count := f(eppB, SL,SLCount);
S11 L.state := ACTIV E;
S12  Release(L.lock);
S13  Reset(TokenToReact[Nid));

Figure 3.11: The Elect2Shrink and Shrink procedures
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S1: get TockenToReact
S2: proceed only if no pending proc’s at L

parent S3,56,S7: lock L, switch parent ptr from B to L
=> correctly count effective pending processors

before shrink .
’ S5: lock all leaves in B’s subtree

=> get consistent leaf data at S9
/ NOTE: no performance bottleneck

Nid

_ 7 T S8: all balancers here are old
S10-13: update L's data, => prevent unnecessary reacto

release L's lock &
@ S9: collect data frm
- B leaves in B’s subée
o /

TokenToReact

magnlfled V|ew of (*)

e
-
includetoken T, :
*.in my counter ‘
) token here i

Figure 3.12: Illustration for Shrink procedure
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it would have caused the shrink from B to L to abort earlier, at step S3 of
Shrink()).

Towards action (iii) from above, the shrink procedure sets the balancers’
and leaves’ states in 7" to OLD (steps S8-S9 in Shrink), after having made
sure that the shrink will not abort.

Assigning new values to the leaf-counters: The counter value for the
new leaf is calculated based on the list of active leaves SL, their counter
values SLCount and the number of effective pending processors eppB in
the balancer’s sub-tree (line S10). Function f(eppB,SL,SLCount) is used
to calculate the new counter value for the new leaf (line G10). The function
is implemented as in Figure 3.13.

int F (int eppB, list_tSL,list_tSLCount)
Conwvert leaves in B to the same level, the lowest level
= new lists of leaves SL’ and their counter values SLCount’,
Distribute the number of effective processors eppB on the
leaves in SL’ so that step-property is satisfied.;
Call the leaf last visited by the pending processors lastL;
result = lastL.count — 2tastL.level | 2B‘l‘”’cz;
return result;

Figure 3.13: Calculating the counter value for the new leaf

For example, in Figure 3.2 if the sub-tree of balancer 2 shrinks to leaf 2
and the list of active leaves SL is {4, 10,11}, leaf 4 needs to be converted to
two leaves 8 and 9 at the same level with leaves 10 and 11, the lowest level.
Thus, the new list of leaves SL’ is 8,9, 10, 11. After converting, the sub-tree
becomes balanced and the step-property must be satisfied on the sub-tree.
The following feature of a tree satisfying step-property was exploited to
calculate the new counter value in our implementation. Call the highest
counter value of leaves at the lowest level MaxValue. The counter values
of the leaves must be in range (MaxValue — 2Fowesthevel N gV alue].

3.5 Correctness Proof

Firstly, we prove that procedure Assign() is atomic to Read() as mentioned
in subsection 3.4.1.

Lemma 3.5.1. Assign() is atomic to Read().
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Proof. In procedure Assign(xtrace;,*child), the variable pointed by trace;
is first locked by writing the pointer child to it (line A0). We exploit the
last bit in the pointer (mask — bit in NodeType), which is unused because of
word-alignment memory architecture, to identify if the variable is locked or
not. If the last bit of the variable xtrace; is zero, the variable is locked and
its value is the address of the other variable whose value must be written to
xtrace;. After reading the expected value, xchild, we set the last bit to 1 so
as to unlock the variable *trace; and then write this value to the variable
xtrace; by compare_and_swap operations (lines A1-A3).

In procedure Read(xtrace;), when reading the value of the variable
«trace;, we check if the variable contains the expected value (line R2). If
the last bit of the variable is zero, the procedure will help the corresponding
procedure Assign() to write the expected value to the variable before trying
to read again (lines R3-R5). The linearization point of procedure Read() is
the point the procedure reads the value with the non-zero last bit and the
linearization point of procedure Assign() is the point the procedure writes
a zero-last-bit value to the variable xtrace; (line A0 in Assign()). O

As mentioned in subsection 3.4.4 and subsection 3.4.5, the leaves are
locked in decreasing order of leaf identities in Grow() but in increasing order
in Shrink() and thus we need to prove that deadlock never occurs. Further,
the common assumption that processors traversing the reactive trees do not
fail [10] is adopted here, as well.

Lemma 3.5.2. Self-tuning reactive trees are deadlock-free.

Proof. The interference between two balancers who are trying to lock leaves
(recall that processors lock leaves on behalf of balancers) occurs only if one
of the balancers is the other’s ancestor in the family tree. Let us consider
two balancers b; and b;, where b; is b;’s ancestor.

Case 1: If both balancers b; and b; execute shrinkage tasks that shrink
their sub-trees to leaves, both will lock leaves in increasing order of
leaf identities by using the procedure AcquireLock_cond(). If the
leaf with smallest identity that b; needs is locked by b;, procedure
AcquireLock_cond() called by b; will return Fail immediately. This is
because the leaf is locked by an ancestor of b;. If the leaf is locked by
b; itself, b; must wait at the leaf until b; completes its own work and
then b; continues locking all necessary leaves. If no processor locking
the leaves on behalf of a balancer fails, no deadlock will occur.



78 CHAPTER 3. SELF-TUNING REACTIVE TREES

Case 2: b; executes a shrinkage task, which shrinks its sub-tree to a leaf,
and b; executes an expansion task, which expands its leaf to a sub-tree.
In this case, b; tries to lock all necessary leaves in increasing order of
leaf identities and b; does that in decreasing order of leaf identities.
Assume that b; locked leaf k successfully and is now trying to lock
leaf (k + 1) whereas b; locked leaf (k + 1) successfully and is trying to
lock leaf k. Because b; and b; use the procedure AcquireLock_cond()
that conditionally acquires the locks, b; will fail to lock leaf k, which
is locked by its ancestor, and will release all the leaves it locked so
far (lines G3, G4 in Grow()). Therefore, b; can lock leaf k¥ + 1 and
continues locking other necessary leaves. That is, deadlock does not
occur in this case either.

Note that there is no the case that b; executes an expansion task. This
is because in its sub-tree there is at least one pending processor that helps
b; do its reaction task.

O

Corollary 3.5.1. In the shrinkage process, if the corresponding balancer
successfully acquired the necessary leaf with smallest identity, it will then
successfully lock all the leaves it needs.

Therefore, procedure Shrink() returns Fail only if the leaf correspond-
ing to the balancer is locked by an ancestor of that balancer.

Lemma 3.5.3. There is no interference between any two expansion tasks
i our self-tuning reactive tree.

Proof. Similarly as in the proof of the previous lemma: i) the interference
between two balancers who are trying to lock leaves occurs only if one of
the balancers is the other’s ancestor in the family tree and ii) there is no
case that two expansion phases are executed at the same time and one of
the two corresponding balancers is the ancestor of the other. ]

Lemma 3.5.3 is the reason why we need not to lock balancers before
resetting their variables, except for their states, in Grow() (line G2 in
Grow()). The balancers’ states are updated only when the corresponding
expansion/shrinkage task is ensured to complete successfully.

Further, we need to show that the number of processors used to calculate
the counter value for the new leaves in both Grow() and Shrink() is counted
accurately by using the global array Tracing.
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Definition 3.5.1. Old balancers/leaves are the balancers/leaves whose states
are OLD

Definition 3.5.2. Effective processors/tokens are processors/tokens that
are not in old balancers nor in old leaves of a locked sub-tree.

Only the effective processors affect the next new counter values calcu-
lated for the new leaves. An illustration to enhance the understanding of
this definition is given in Figure 3.12, where the token marked as “T” at the
lower part of the figure is not effective.

Lemma 3.5.4. The number of effective processors that are pending in a
locked sub-tree or a locked leaf is counted accurately by procedures Grow and
Shrink.

Proof. A processor p; executing an adjustment task switches a pointer from
a branch of the tree to a new branch before counting the pending processors
in the old branch (lines G5, G6 in Grow() and lines S6, S7 in Shrink()).
Because of this and because procedure Assign() is atomic to procedure
Read() (by lemma 3.5.1), the processor p; will count the number of pending
processors accurately. Recall that the old branch is locked as a whole so
that no processor can leave the tree from the old branch as well as no other
adjustment can concurrently take place in the old branch until the counting
completes. The pending processors counted include effective processors and
ineffective processors.

In the case of tree expansion, the number of pending processors in the
locked leaf is the number of effective processors.

In the case of tree shrinkage, we lock both old and active leaves of the
locked sub-tree so that no pending processor in the sub-tree can switch any
pointers. Recall that to switch a pointer, a processor has to successfully
lock the leaf corresponding to that pointer. On the other hand, (i) we
set states of all balancers and leaves in a locked sub-tree/locked leaf to
Old before releasing it (lines S8, S9 in Shrink() and line G7 in Grow()),
and (ii) after locking all necessary balancers and leaves, processors continue
processing the corresponding shrinkage /expansion tasks only if the switching
balancers/leaves are still in an active state (line G4 in Grow() and line S3
in Shrink()). Therefore, a pending processor in the locked sub-tree that
visited an Old balancer or an Old leaf will never visit an Active one in
this locked sub-tree. Similarly, a pending processor in the locked sub-tree
that visited an Active balancer or an Active leaf will never visit an Old one
in this locked sub-tree. Hence, by checking the state of the node that a
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pending processor p; in the locked sub-tree is visiting, we can know whether
the processor p; is effective (line S7 in Shrink()). In conclusion, the number
of effective processors pending in a locked sub-tree is counted accurately by
procedure Shrink() also in the case of tree shrinkage. O

Because the number of effective pending processes is counted accurately
according to Lemma 3.5.4, the counter values that are set at the leaves
after the adjustment steps in the self-tuning trees are correct, i.e. the step-
property is guaranteed. That means the requirements mentioned in subsec-
tion 3.3.1 are satisfied. This implies the following theorem:

Theorem 1. The self-tuning tree obtains the following properties:

1. FEvenly distribute a set of concurrent process accesses to many small
groups locally accessing shared data, in a coordinated manner like the
(reactive) diffracting trees. The step-property is guaranteed.

2. Automatically and efficiently adjust its size according to its load in
order to gain performance. No manually tuning parameters are needed.

3.6 Evaluation

In this section, we evaluate the performance of the self-tuning reactive trees
proposed here. We used the reactive diffracting trees of [10] as a basis of
comparison since they are the most effiecient reactive counting constructions
in the literature.

The source code of [10] is not publicly available and we implemented it
following exactly the algorithm as it is presented in the paper. We used
the full-contention benchmark, the index distribution benchmark and the
surge load benchmark on the SGI Origin2000, a popular commercial cc-
NUMA multiprocessor. The index distribution benchmark and the surge
load benchmark are the same as those used in [10].

In [10], besides running the benchmarks on a non-commercially availiable
machine with 32 processors (Alewife), the authors also ran them on the
simulator simulating a multiprocessor system similar to Alewife with up to
256 processors.

The most difficult issue in implementing the reactive diffracting tree
is to find the best folding and unfolding thresholds as well as the num-
ber of consecutive timings called UNFOLDING_LIMIT, FOLDING_LIMIT
and MINIMUM_HITS in [10]. However, subsection Load Surge Benchmark
in [10] described that the reactive diffracting tree sized to a depth 3 tree
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when they ran index-distribution benchmark [34] with 32 processors in the
highest possible load (work = 0) and the number of consecutive timings
was set at 10. According to the description, we run our implementation
of the reactive diffracting tree on the ccNUMA Origin 2000 with 32 MIPS
R10000 processors and the result is that folding and unfolding thresholds
are 4 and 14 microseconds, respectively. This selection of parameters did
not only keep our experiments consistent with the ones presented in [34]
but also gave the best performance for the diffracting trees in our system.
Regarding the prism size (prism is an algorithmic construct used in diffract-
ing process in the reactive diffracting trees), each node has ¢2(?~9 prism
locations, where ¢ = 0.5, d is the average value of the reactive diffracting
tree depths estimated by processors passing the tree and [ is the level of
the node [10, 33]. The upper bound for adaptive spin MAXSPIN is 128 as
mentioned in [34].

In order to show this is a fair comparison, we look at synchronization
primitives used in the reactive diffracting tree RD-tree and in the self-tuning
reactive tree ST-tree. The RD-tree uses three primitives compare-and-swap,
swap and test-and-set (page 862 in [10]) and the ST-tree uses three primitives
compare-and-swap, fetch-and-zor and test-and-set (Figure 3.4). Therefore,
the synchronization primitives used in the ST-tree are comparable with those
used in the RD-tree.

In order to make the properties and the performance of the self-tuning
reactive tree algorithm presented here accessible to other researchers and
practicians and help also reproducibility of our results, C code for the tested
algorithms is available at
http://www.cs.chalmers.se/~phuong/sat4lic.tar.gz.

3.6.1 Full-contention and index distribution benchmarks

The system used for our experiments was a ccNUMA SGI Origin2000 with
sixty four 195MHz MIPS R10000 CPUs with 4MB L2 cache each. The sys-
tem ran IRIX 6.5. We ran the reactive diffracting tree RD-tree and the self-
tuning reactive tree ST-tree in the full-contention benchmark, in which each
thread continuously executed only the function to traverse the respective
tree, and in the index distribution benchmark with work = 500us [10][34].
Each experiment ran for one minute and we counted the average number of
operations for one second.

Results: The results are shown in Figure 3.14 and Figure 3.15. The right
charts in both the figures show the average depth of the ST-tree compared to
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Figure 3.14: Throughput and average depth of trees in the full-contention
benchmark on SGI Origin2000.
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Figure 3.15: Throughput and average depth of trees in the index distribution
benchmark with work = 500us on SGI Origin2000.

the RD-tree. The left charts show the proportion of the ST-tree throughput
to that of the RD-tree.

The most interesting result is that when the contention on the leaves
increases, the ST-tree automatically adjusts its size close to that of the RD-
tree that requires three experimental parameters for each specific system.

Regarding throughput and scalability, we observed that the ST-tree per-
forms better than the RD-tree. This is because the ST-tree has a faster and
more efficient reactive scheme than RD-tree. The surge load benchmark in
the next subsection shows that the reactive trees continuously adjust their
current size slightly around the average size corresponding to a certain load
(cf. Figure 3.16). Therefore, an efficient adjustment procedure will signif-
icantly improve the performance of the trees. There are three algorithmic
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differences between the ST-tree and the RD-tree:

e The ST-tree reacts to the contention variation faster with lower over-
head as described in Section 3.3.3, whereas in the RD-tree the leaves
shrink or grow only one level in one reaction step and then the leaves
have to wait for a given number of processors passing through them-
selves before shrinking or growing again.

e In the RD-tree, whenever a leaf shrinks or grows, all processors visit-
ing the leaf are blocked completely until the reaction task completes.
Moreover, some processors may be forced to go back to higher nodes
many times before exiting the RD-tree. In the ST-tree, this is avoided
with the introduction of the matching leaves.

e Algorithmically, the two constructions do not only differ on the reac-
tive schemes that they use, but also on the shared variables and the
way that these are accessed (cf. Section 3.3.3 and in particular the
data structure splitting the functionality of a node in ST-tree into a
balancer and a leaf.)

Studing the figures closer, in the full-contention benchmark (Figure 3.14),
we can observe the scalability properties of the ST-tree, which shows in-
creased throughput with increasing number of processors (as expected using
the aforementioned arguments) in the left chart. The right chart shows that
the average depth of the ST-trees is nearly the same as that of the RD-tree,
i.e. the reaction decisions are pretty close.

In the index distribution benchmark with work = 500us, which provides
a lower-load environment, the ST-tree can be observed to show very desirable
scalability behaviour as well, as shown in Figure 3.15. The charts of the
average depths of both trees have approximately the same shapes again, but
the ST-tree expands from half to one depth unit more than RD-tree. This
is because the throughput of the former was larger, hence the contention on
the ST-tree leaves was higher than that on RD-tree leaves, and this made
the ST-tree expand more.

The surge load benchmark in the next subsection shows that the trees
continuously adjust their current size around the average (cf. Figure 3.16).
Therefore, an efficient adjustment procedure will significantly improve the
performance of the trees.
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Figure 3.16: Average depths of trees in the surge benchmark on SGI Ori-
2in2000, best and worst measurements. In a black-and-white printout, the
darker line is the ST-tree.

3.6.2 Surge load benchmark

The benchmark shows how fast the trees react to contention variations.
The benchmark is run on a smaller but faster machine 7, ccNUMA SGI2000
with thirty 250MHz MIPS R10000 CPUs with 4MB L2 cache each. On
the machine the optimal folding and unfolding thresholds, which keep our
experiments consistent with the ones presented in [34], are 3 and 10 mi-
croseconds, respectively. All other parameters are kept the same as the
benchmarks discussed in the previous subsection.

In this benchmark, we measured the average depth of each tree in each
interval of 400 microseconds. The measurement was done by a monitor
thread. At interval 5000, the number of threads was changed from four
to twenty eight. The average depth of the trees at the interval 5001 was
measured after synchronizing the monitor threads with all the new threads,
i.e. the period between the end of interval 5000 and the beginning of interval
5001 was not 400 microsecond. Figure 3.16 shows the average depth of both
trees from interval 4000 to interval 15000. The left chart shows the best
reaction time figures for the RD-tree and the ST-tree; the right one shows
the worst reaction time figures for the RD-tree and the ST-tree. In the
benchmark, the ST-tree reached the suitable depth 3 for the case of 28
threads at interval 5004 in the best case and 5008 in the worst case, i.e
only after 5 to 8 intervals since the time all 28 threads started to run. The

"This is because the first machine was replaced with that one at our computer center
while this experimental evaluation was still in progress.




3.7. CONCLUSION 85

RD-tree reached level 3 at interval 7447 in the best case and at interval
9657 in the worst case. That means the reactive scheme introduced in this
paper and used by the ST-tree makes the same decisions as the RD-tree,
and, moreover, it reacts to contention variations much faster than the latter.

3.7 Conclusion

The self-tuning reactive trees presented in this work distribute the set of
processors that are accessing them, to many smaller groups accessing dis-
joint critical sections in a coordinated manner. They collect information
about the contention at the leaves (critical sections) and then they adjust
themselves to attain adaptive performance. The self-tuning reactive trees
extend a successful result in the area of reactive concurrent data structures,
the reactive diffracting trees, in the following way:

e The reactive adjustment policy does not use parameters which have
to be set manually and which depend on experimentation.

e The reactive adjustment policy is based on an efficient adaptive algo-
rithmic scheme.

e They can expand or shrink many levels at a time with small overhead.

e Processors pass through the tree in only one direction, from the root
to the leaves and are never forced to go back.

Moreover, the self-tuning reactive trees:

e have space needs comparable with that of the classical reactive diffract-
ing trees

e exploit low contention cases on subtrees to make their locking process
as efficient as in the classical reactive diffracting trees although the
locking process locks more nodes at the same time.

Therefore, the self-tuning reactive trees can react quickly to changes
of the contention levels, and at the same time offer a good latency to the
processes traversing them and good scalability behaviour. We have also pre-
sented an experimental evaluation of the new trees, on the SGI Origin2000,
a well-known commercial ccNUMA multiprocessor. We think that it is of big
interest to do a performance evaluation on modern multiprocessor systems
that are widely used in practice.
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Last, we would like to emphasize an important point. Although the new
trees have better performance than the classical ones in the experimental
evaluation conducted and presented here, this is not the main contribution of
this paper. What we consider as main contribution is the ability of the new
trees to efficiently self-tune their size without any need of manual tuning.
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Conclusions

Designing reactive shared objects is a promising approach to synchronize
concurrent processes in shared memory multiprocessor systems. This thesis
has presented two such objects called the reactive multi-word compare-and-
swap object and the self-tuning reactive tree.

In Chapter 2, two reactive, lock-free algorithms that implement multi-
word compare-and-swap operations (CASN) are presented. The key to these
algorithms is for every CASN operation to measure, in an efficient way, the
contention level on the words it has acquired, and reactively decide whether
and how many words need to be released. Our algorithms are also de-
signed in an efficient way that allows high parallelism —both algorithms
are lock-free— and most significantly, guarantees that the new operations
spend significantly less time when accessing coordination shared variables
usually accessed via expensive hardware operations. The algorithmic mech-
anism that measures the contention and reacts accordingly is efficient and
does not cancel out the benefits in most contention levels. Our algorithms
also promote the CASN operations that have higher probability of success
among the CASNs generating the same contention. Both our algorithms
are linearizable. Experiments on thirty processors of an SGI Origin2000
multiprocessor show that both our algorithms react quickly to contention
variantions and significantly outperform the best-known alternatives in most
contention conditions.

In Chapter 3, the self-tuning reactive trees are presented. The trees dis-
tribute the set of processors that are accessing them, to many smaller groups
accessing disjoint critical sections in a coordinated manner. They collect in-
formation about the contention at the leaves (critical sections) and then they
adjust themselves to attain optimal performance. The self-tuning reactive
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trees extend the very successful result in the area of reactive concurrent data
structures, the reactive diffracting trees, in the following way:

e The reactive adjustment policy does not use parameters that have to
be set manually and depend on experimentation.

e The reactive adjustment policy is based on an efficient algorithmic
scheme.

e They can expand or shrink many levels at a time with small overhead.

e Processors pass through the tree in only one direction, from the root
to the leaves and they are never forced to go back.

Moreover, the self-tuning reactive trees:

e have space requirement comparable with that of the classical reactive
diffracting trees

e exploit the low contention cases on subtrees to make their locking
process as efficient as in the classical reactive diffracting trees although
the locking process locks more nodes at the same time.

Therefore, the self-tuning reactive trees can react quickly to changes of
the contention level, and at the same time offer good latency to the processes
traversing them.

In conclusion, the reactive shared objects, which can react to environ-
ment variations, are a promising research trend to synchronize processes in
multiprocessor systems. This thesis has presented two such objects and has
showed that they are feasible for real systems. We believe that the tech-
niques used in this thesis can be applied for constructing other concurrent
objects in the future.
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Future Work

The interference among processes in the multiprocessor systems generates a
variant and unpredictable environment to concurrent objects, whose perfor-
mance heavily relies on the surrounding environment. Therefore, the prob-
lems on constructing reactive concurrent objects, which can react to the
environment variations in order to achieve good performance, are attractive
to many researchers.

However, most of available reactive policies rely on either some manually
tuned thresholds or known probability distributions of some unpredictable
inputs. These parameter values depend on the multiprocessor system in use,
the applications using the objects and, in a multiprogramming environment,
on the system utilization by the other programs that run concurrently. The
programmer has to fix these parameters manually, using experimentation
and information that is commonly not easily available (future load charac-
teristics). Furthermore, the fized parameters cannot support good reactive
schemes in dynamic environments such as multiprocessor systems, where
the traffic on buses, the contention on memory modules and the load on
processors are unpredictable to one process. For those relying on assumed
distributions, the algorithms use too strong assumptions. Generally, the
inputs in the dynamic environment such as waiting time distributions on a
shared object are unpredictable.

Ideally, reactive algorithms should be able to observe the changes in
the environment and react accordingly. Based on that purpose, online algo-
rithms and competitive analysis seem to be a promising approach. With this
idea in mind, we have presented two reactive shared objects that react fast
to the environment variations with no need of manually tuned parameters
nor any assumptions on probability distributions of inputs. The experiments
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on a real commercial system, the SGI Origin2000, show promising results
for these reactive shared objects.

In the future, we plan to look into new reactive schemes that may further
improve the performance of reactive shared objects. The reactive schemes
used in this thesis are based on competitive online techniques that provide
good behavior against a malicious adversary. In the high performance set-
ting, a different adversary model might be more appropriate. Such a model
may allow the designs of schemes to exhibit more active behavior, which
allows faster reaction and better execution time.
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