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Progress-Based Distributed Queue

Exploring the effects of a novel heuristic with partial queues using fetch-and-add
Sebastian Hermansson, Elias Johansson

Department of Computer Science and Engineering

Chalmers University of Technology and University of Gothenburg

Abstract

With the increasing use of multi-threaded processors comes the challenge of scaling
with a higher number of threads. To that end, the semantics of a data structure can
be relaxed to lessen contention and achieve better performance. The data structure
of interest in this thesis is a relaxed first-in-first-out queue called d-RA, which is
made up of partial queues. It utilizes a length-based heuristic, that chooses a queue
to perform an operation on. However, it employs relatively slow lock-free partial
queues and uses a heuristic that is not definitively proven to be optimal. Further-
more, relaxed first-in-first-out queues lack real-world applications as they can not
be used if the order of operations is strict.

This thesis improves on the d-RA algorithm by using faster partial queues and a new
progress-based heuristic, which generally increases the data structure’s throughput,
causes it to scale with more threads, and lowers the level of relaxation. Additionally,
we use relaxed queues in an unordered breadth-first-search to calculate the shortest
paths in graphs where they are shown to outperform concurrent queues.

Keywords: relaxed first-in-first-out queue, relaxed data structure, lock-free, lineariz-

able.
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1

Introduction

With the increasing need to process substantial amounts of data, software has to be
more reliant on parallelism. As such, data structures need to facilitate concurrency
and parallelism. The conventional way to enable concurrent operations on data
structures is to limit concurrent accesses to eliminate race conditions. The problem
with this is that a sequential bottleneck can occur when several processes are trying
to access the data structure at the same time. This, in turn, can lead to performance
issues in regards to scalability, whenever the degree of parallelism is increased [1].

A solution is to relax the semantics of the data structure to increase performance
[2]. In other words, the standard behavior of the data structure can sometimes be
deviated from. In our case, we will implement and design a relaxed first-in-first-
out (FIFO) queue. This means that it is not guaranteed that the oldest element
will be returned after a dequeue operation. This relaxation leads to lower levels
of contention on the queue’s head and tail, allowing it to scale better with more
threads.

There has been previous research dedicated to relaxed FIFO queues. The paper:
Distributed queues in shared memory: Multicore performance and scalability through
quantitative relazation [1], introduced a new family of queues called Distributed
queues. One of these queues is called d-RA. Distributed in this case means that
the queue consists of several partial queues that each individual thread operates on.
Which one of these partial queues that a thread gets access to is partially determined
randomly and partially by heuristics. The balancer used, which the queue is named
after, was introduced in an earlier paper [3]. However, hereafter when used, d-RA
will refer to the distributed queue.

The fundamental idea behind this project is that it is believed that the d-RA algo-
rithm could be improved. This is because the partial queues used with d-RA are
Michael-Scott queues [4], for which there exist faster alternatives. The paper: Fast
Concurrent Queues for X86 Processors [5], introduced a new type of concurrent
queue for x86 processor architectures called LCRQ), that uses the atomic processor
instructions fetch-and-add and double-width-compare-and-swap. The issue is that
this queue will not work on most commercial multicore architectures [5]. However,
there exist other fast queues that do not have this limitation, for example, the

Fetch-and-Add Array Queue (FAAAQ) [6].

Also, it is unclear whether d-RA’s method of selecting which partial queue to perform
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an operation on, based on their lengths at the time, is optimal. Therefore, we
investigate a progress-based heuristic, that instead of calculating the length, takes
into account the number of operations done to it.

Moreover, there are not many known applications of relaxed FIFO queues and in
many cases, they are used as a pool. They have been used in benchmarks related to
breadth-first search [1] (BFS) but it is unclear how feasible they are to use in this
manner. This is because the relaxation might cause the algorithm to pick nodes in
a less-than-optimal way. In [7] Unordered breadth-first search was used, where the
algorithm’s execution is dependent on scheduling and any possible errors are elimi-
nated after the fact by potentially visiting nodes multiple times. To our knowledge,
no work has been done to analyze potential errors in the area of relaxed FIFO-
queues. Therefore it is of interest to study if the potential speedup of relaxation
can outweigh the costs associated with it and to determine whether or not a relaxed
FIFO queue is suitable to use for unordered BFS.

In summary, the following research questions will be answered in this thesis:

o Research-question 1 How does the d-RA algorithm scale with faster partial
queues?

e Research-question 2 How does a progress-based heuristic affect the d-RA al-
gorithm?

o Research-question 3 Is unordered breadth-first search a feasible application for
a relaxed FIFO queue?
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Theory

2.1 Data Structures

In order to understand our work it is important to properly specify the behavior of
the two data structures, FIFO queues, and pools, that we implement and utilize.

2.1.1 First-In-First-Out Queues

A FIFO queue is a data structure that in its most trivial form supports two opera-
tions: dequeue, which removes the oldest element in the queue, and enqueue, which
adds an element to the queue. The queue is usually implemented as some form
of dynamic list, where the oldest element is stored at the front of it and the most
recently added element is stored at the end. These are referred to as the head and
the tail of the queue respectively.

2.1.2 Pool

A pool is a data structure that supports the operations get, which retrieves an el-
ement from the data structure, and put, which inserts an element into the data
structure. Unlike a queue, a pool does not guarantee any specific ordering of ele-
ments. Its function is to store elements that are put in and provide elements when
requested, without any requirement for any element to be evicted at any specified
point relative to another.

2.2 Concurrent FIFO Queues

A concurrent data structure such as a FIFO queue, is designed to allow multiple
threads to perform operations on it while maintaining its specified semantics. In
order for it to function as intended, it needs to handle several threads accessing it
simultaneously without the risk of concurrency-related issues. There are two main
types of algorithms that handle this: blocking and mon-blocking. The difference
between these two is that a blocking algorithm makes no guarantee against deadlocks
[4]. There are different types of non-blocking algorithms but those that are lock-free
are specifically relevant for this work. A lock-free algorithm guarantees that some
given thread operating on the data structure will make progress during any point in
time [8]. The queues designed in this thesis are lock-free and utilize atomic processor

3
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instructions to perform operations on elements, which means they do not require
the use of locks, and hence, avoid lock-related deadlocks. However, avoiding the use
of locks does not guarantee lock freedom, as will be discussed later on.

2.2.1 Atomic Processor Instructions

Atomic processor instructions perform operations on data atomically, without a
thread needing to acquire a lock. This means that if a thread fails or stalls, there is
no way for it to hold a lock that may later be required by another thread, thereby
stopping it from progressing [9]. Atomic processor instructions influence data atomi-
cally on a hardware level. When the instruction begins, it acquires a global memory
lock which stops other threads from accessing the specified address in memory. It
only holds this lock for the duration of the instruction [10]. The following are atomic
instructions used in concurrent data structures to ensure correct behavior.

o Fetch-and-Add (FAA): Returns the value at an address in memory and
atomically adds a specified number to the value at that address [5].

o Compare-and-Swap (CAS): Updates the value at a specified memory ad-
dress if that value is the same as a provided one [5]. If this condition is satisfied,
the value is exchanged.

o Double- Width-Compare-and-Swap (CAS2): Compares two adjacent val-
ues in memory to two provided values and updates them to two other provided
ones, if the comparison is satisfied [5]. This thesis uses a specified macro writ-
ten by [11] to invoke the instruction lock empzchg16b [12]. It requires the two
inputs to be a pointer and a value respectively.

2.2.2 Contention in the Queue

As mentioned, a concurrent queue allows multiple threads to access it simultaneously
while maintaining the correct behavior. When several threads attempt to gain access
to the same element in the queue, they effectively contend for that privilege. In this
thesis, this will henceforth be referred to as contention. A high level of contention
means that many threads are accessing the same shared variable. Ensuring that
contention is put on an operation that will not fail is preferable as it would waste
less time. This will be exemplified by the preference for putting contention on the
FAA instruction, which always succeeds in adding to a value, as opposed to the CAS
instruction, which can fail [5].

2.2.3 Previous Work

The first lock-free concurrent queue is the previously mentioned Michael-Scott queue.
Its design is simple and will be explained in detail in Section 2.2.4. After this
several other more performant lock-free FIFO queues have been introduced. One
intermediate step between the Michael-Scott queue and the LCRQ is constituted by
[13], introduced by Tsigas and Zhang, that utilizes a cyclic array with the limitation
that the queue is bounded in size. The Baskets Queue [14] is reminiscent of the

4
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Michael-Scott queue but threads enqueue into baskets decided by a time interval
which allows parallel enqueues. A cache-aware queue was introduced in [15] where
the threads try to work thread locally by storing pointers and indexes to avoid
reading the shared state when it is not necessary. The LCRQ [5], which uses cyclic
arrays, was to our knowledge the first FIFO queue to utilize FAA to distribute work
and thereby lower contention. It also as opposed to [13], is not bounded and will be
discussed in Section 2.2.6. FAAAQ [6] is a dynamically sized queue that uses FAA
but is not cyclic and does not need the CAS2 instruction, unlike LCRQ. The details
of this queue are discussed in Section 2.2.5. A very similar queue to FAAAQ is the
Wait-free queue [16] with the difference that it has a stronger progress guarantee
in the form of being wait-free, where the progress of individual threads can be
guaranteed. Finally, an improvement was found for LCRQ in the queue LPRQ [17]
which is cyclic and unbounded without using CAS2.

2.2.4 Michael-Scott Queue

The Michael-Scott FIFO queue [4] consists of a linked list of nodes containing the
values of the enqueued elements as well as the pointer to the next node in the
queue. For an illustration see Figure 2.1. As can be seen, in State 1 there are three
elements in the queue. In State 2, an element is inserted into the queue, a new node
is created and added to the linked list and it becomes the new tail. In State 3, there
is a dequeue operation, the node that corresponds to the head is removed, and the
next node becomes the head. To facilitate this, the atomic processor instruction CAS
is utilized. The queue has been criticized because of the problems of its scalability
related to the use of CAS [5]. In short, multiple threads can attempt to enqueue
and dequeue an element at the same place in the queue using CAS, which results
in contention being at this instruction. All but one will fail at a time; these failures
waste many cycles resulting in poor performance as contention increases.

Head Tail
State 1 ‘_.‘_.‘
Head Tail
State 2 (enqueue) ‘+‘_.‘
Head Tail

State 3 (dequeue) .———».———».

Figure 2.1: The design of the Michael Scott queue.
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2.2.5 Fetch-and-Add Array Queue

One of the partial queues used in this thesis is FAAAQ [6]. A similar queue has
been proposed elsewhere [16]. An illustration of this queue can be seen in Figure
2.2. This queue is made up of smaller queues that are created once the previous one
has been filled. This paper will refer to these as segments, and each one holds an
array of elements, indexes for enqueueing and dequeuing, and a pointer to the next
segment. The illustration shows four different states. In State 1 there is one segment,
containing three elements. In State 2, an element is enqueued, causing there to be
four filled spots in the array of the segment. In State 3, there is another enqueue,
however, since the tail has reached the end of the previous segment’s array, a new
one is created. In State 4, there has been another enqueue and four dequeues. This
has moved the tail forward in the second segment, and removed all four elements
from the first one, consequently making the first element in the second segment the
head, and removing the first one entirely as it has been emptied.

As was mentioned, each segment contains two indexes, one for enqueueing and one
for dequeueing. The queue consists of multiple linked segments, meaning that the
actual head of the queue is located at the dequeue index of the first segment, or
head segment. Similarly, the actual tail is located at the enqueue index of the
last added segment, or the tail segment. As an example, Figure 2.2 shows that,
in between States 2 and 3, the tail moves from the first segment to the second
segment. This means that the first segment goes from being both the head and
tail segment to only being the head segment, while the second one becomes the tail
segment. Furthermore, State 4 shows when the first segment has been emptied and
is removed. The head segment then becomes the next one and once again the head
and tail segments are one and the same.

In the FAAAQ, access to the positions in the array of a segment is distributed
through the use of the atomic instruction FAA. Consequently, each enqueue oper-
ation acquires a unique tail index, and each dequeue operation acquires a unique
head index. This ensures that only one enqueuer and one dequeuer ever have access
to the same position in the array. In contrast to the Michael Scott queue, CAS
failures on a specific index in the array can only occur if an enqueuer is preempted
by a dequeuer with the same index. This significantly reduces CAS failures, which
generally results in faster performance [5].
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@ Taken (O Empty

Head Tail
State 1 o X X NO)
Head Tail

State 2 (enqueue) O N N N )

Head Tail
State3(enquere) | O @ @ @ @ ® O O OO
Head Tail
State 4 (enqueue, ® ® O OO

4x dequeue)

Figure 2.2: The design of the Fetch-and-Add Array queue

2.2.6 LCRQ

The other type of partial queue is the LCRQ [5]. It is made up of concurrent ring
queues (CRQs) that behave similarly to the segments in FAAAQ, and will also be
referred to as segments. They are cyclical, meaning that enqueuers and dequeuers
can operate in the array and wrap around to the beginning once they pass the end.
This ensures that memory is not wasted as segments are repeatedly reused. New
segments are only created in two circumstances, either when the current one has
been filled up or if enqueues fail repeatedly. As can be seen in Figure 2.3, State 1
shows a segment with 4 elements. In State 2, there is an enqueue, which causes the
tail to wrap around the array to place the element at the start. In State 3 there
is another enqueue, which results in a second segment being created, as the tail
catches up to the head, meaning that the first CRQ is full. In State 4, there is a
single dequeue operation that removes an element from the first segment and moves
the head forward.

Similarly to the FAAAQ), each segment holds two index values that point to the cells
where the next dequeue and enqueue operations will be performed. They point to
the local head and tail elements of each segment. The actual head of the queue is at
the dequeue index of the head segment and the actual tail is at the enqueue index
of the tail segment.
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Furthermore, LCRQ uses the FAA instruction to acquire and update enqueue and
dequeue indexes. Once one has been acquired, the operation attempts to alter the
element inside the cell the index points at. If this is successful, the dequeuer uses a
double-width-compare-and-swap operation to place the value and the enqueue index
in the cell, however, if it fails a new index will be acquired. Because access to cells
is acquired through the FAA instruction, contention is mainly on the enqueue and
dequeue indexes, which generally results in fewer CAS failures than the Michael Scott
queue [5]. It is important to mention that if dequeuers pass enqueuers they will mark
the empty cells they encounter, causing subsequent enqueuers to not place elements
there and be forced to acquire new enqueue indexes. A cell will also be marked if a
dequeuer encounters an occupied cell that holds the index from a previous cycle of
the CRQ. If the head surpasses the tail, the tail will be moved forward to decrease
the number of failed enqueue operations.

Moreover, the LCRQ uses the atomic CAS2 instruction. However, CAS2 can not be
used on many architectures or in languages, such as Java [17]. It is worth mentioning
that there exists a paper about a version of LCRQ that does not use double-width-
compare-and-swap [17].

@ Taken (O Empty

Head Tail
State 1 O 90090
Tail Head

State2(enqueve) (@ @ @ @ @

Head Tail

State3(enquewe) (@ @ @ @ @ ® O O OO

Head Tail

State 4 (dequeve) | @ O @ @ @ ® OO OO

Figure 2.3: The design of LCRQ
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2.3 Relaxation and its Implications

As relaxation is a core concept in this thesis, it and other related terms will be
explained here.

2.3.1 Relaxation

Relaxation allows the specified constraints of a data structure to be loosened. In
the context of this thesis, we will use the concept of relaxation to mean out-of-
order relaxation. This means that the relaxation is with respect to the order of the
operations done on a data structure, at some point in time during the execution
of the operation. This means that the relaxation does not necessarily exclusively
rely on the real order of the elements that reside in the data structure but rather at
some conceptual points where these operations can be regarded as completed, see
Section 2.3.2. Also important to mention, is that the relaxation depends on the
state of the data structure at the point of consideration and not simply the ordering
of operations.

In the context of a FIFO queue, this means that the oldest element in the queue will
not always be the first to be returned. In Figure 2.4 we can see three different states
of a FIFO queue. In state 1 it is full, in state 2, the third oldest element has been
dequeued, and finally in state 3, once again the third oldest element is removed.

It is also important to mention that there are also other types of relaxation. For
example, [18] uses relaxation in terms of multiplicity which means that an item can
be returned more than once from a dequeue operation.

The reasoning behind relaxation is that it can improve the performance of data
structures as it can decrease contention. However, this comes at a cost associated
with the weakened semantics. Generally, relaxation is seen as something that should
be minimized as it limits the usability of the data structure. For example, an
application of a FIFO queue could be message passing but that would be near
impossible with a queue with even the smallest degree of relaxation. This is because
in many cases the order of the messages is extremely important.

Because of this, it is of interest to prove the upper bound of relaxation. However,
the method of doing this depends on how relaxation is being employed. It can either
be bound meaning that the data structure can not be more than k out of order [2]
or there can be a stochastic element to the relaxation. An example of this random
selection of elements would be d-RA [1]. Whenever randomness is being employed
only probabilistic guarantees can be made in regards to the bound as it is technically
possible to always pick the latest added element for a dequeue operation.
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Figure 2.4: A state description of relaxation

2.3.2 Linearizability

Linearizability is a correctness property that can be used to verify the behavior
of concurrent data structures [19]. To understand this concept, it is important to
define what a history is. A history is the operations done on a data structure in
the order that they were executed. In simple terms, a concurrent data structure is
linearizable if the history of the data structure is identical to a sequential variant of
the data structure [19]. Here is a valid history for a FIFO queue, where the oldest
element is returned after the dequeue:

Enqueue (A)
Enqueue (B)
A <- Dequeue()

Here is an invalid history as A has not been added to the queue:

Enqueue (B)
A <- Dequeue()

Important to mention is that linearizability is always in relation to some specified
behavior. A relaxed FIFO queue is not linearizable with respect to an ordinary
FIFO queue. See the following example:

Enqueue (A)
Enqueue (B)

B <- Dequeue()
A <- Dequeue()

This behavior is acceptable for a relaxed FIFO queue but not for an ordinary one.

10
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Therefore, a relaxed FIFO queue is only linearizable with respect to a pool.

2.3.3 Measuring Relaxation

In order to measure relaxation a history of the executed program needs to be stored.
There are different ways to accomplish this. One way is to create timestamps of the
points of linearization. These points will only be approximations as it is not possible
to accurately log the exact time of completion of an operation. After this is done,
the history can be evaluated to calculate the average relazation distance like it was
done in [1]. The relaxation distance is defined as the difference between the order of
operations in a purely sequential data structure compared to its relaxed counterpart.
For example in the previously seen example:

Enqueue (A)
Enqueue (B)

B <- Dequeue()
A <- Dequeue()

The average relaxation distance would be 0.5. The first dequeue (yielding B) would
result in a relaxation distance of 1 as it is out of order and the second dequeue
(yielding A) would not be out of order as it is the only element left in the queue.

2.4 Distributed Relaxed Queues

The main idea of using distributed queues is that the contention on one partial
queue decreases whenever there are more queues to pick from. The downside of
this behavior is the introduction of relaxation. Here we will present two different
distributed queue algorithms that work in different manners.

2.4.1 d-RA

d-RA is a distributed queue algorithm consisting of multiple partial queues. The
algorithm decides which partial queue to interact with by randomly selecting d
partial queues, and then uses the heuristic to choose which of these to perform
the operation on. The heuristic that is described in [1] involves approximating the
length of the underlying data structures in order to pick the most optimal queue.
The pseudocode for the algorithm can be found in Listing 2.1.

For the enqueue operation the returned partial queue with the fewest number of
elements in it is selected. In the case of dequeue, the partial queue with the most
number of elements is chosen as a starting index. The algorithm will then start from
that index and check if that partial queue is empty. If it is not, then the element will
be dequeued from that partial queue. If the partial queue is empty, then the index
will be incremented and another queue will be checked. Figure 2.5 illustrates this
heuristic, where two partial queues have been randomly chosen. If the operation is

11



2. Theory

an enqueue, it will choose to enqueue to queue 1 as it is the shortest. If the operation
is a dequeue, it will choose queue 2 as it is the longest.

One specific scenario needs to be accounted for by the algorithm to guarantee lin-
earizability. A partial queue may be empty when a dequeuer tries to remove an
element which causes the thread to move to the next partial queue. If then an
enqueuer adds an element to the previous partial queue, the dequeuer will return
signifying that the distributed data structure is empty even if it is not. Therefore
the current tails of all the partial queues will be stored in order to see if an enqueue
has occurred after the partial queue has been read as empty. If all partial queues are
read as empty, their tails will be compared against their old tails. If any changes are
detected, the dequeuing process will restart with the starting index of the changed
partial queue.

Listing 2.1: Pseudo code for d-RA

bool enqueue (item) {
index = get_index();
return queues|[index]—>enqueue (item)
}
bool dequeue (xitem) {
index = get_index();
while (true) {
//Initial pass. p = number of partial queues
for (i = index; i < p + i; i++ ){
if (queues[i % p]—>dequeue(item, tails))
return true;

}

//Check if tail has changed
for (i = index; i < p + i; i++ ){

if (tails[i] != queues[index % p]—> get_tail()){
index = i;
break;

}

else if (((i + 1) % p) = index) return false;

12
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Figure 2.5: d-RA Heuristic (choice of two)

2.4.2 2Dd-Queue

The relaxed queue in [20] works a bit differently from the previously described queues.
It is reminiscent of d-RA in the sense that it is a distributed data structure but it
also has the notion of windows. What this means is that every partial queue, or sub-
structure, can only be accessed a set amount of times before another sub-structure
is tried. The benefit of this approach is that it improves locality as a thread will
only exchange the sub-structure whenever the maximum number of operations done
to it is reached. This version of the queue has separate windows for enqueue and
dequeue operations. Furthermore, a hard bound on the relaxation can also be had
from this algorithm. When the number of operations of a sub-structure is reached,
the thread will look for other sub-structures. If no available queues can be found
then the window is moved to allow for more operations.

2.5 Other related work

Here other related data structures that also will be used in the benchmarks will be
presented.

2.5.1 Bag

A fast pool, called Bag, was developed by [8] and it utilizes the fact that in contrast
to queues, the ordering of the elements is not important for pools. This is achieved
by having each thread work on a thread-local stack, designed as a linked list of what
are called blocks. Whenever a new item is added to the Bag, a new block is created.
When an item is removed the thread will first try to remove an item from its own
linked list. If it is unable to do so, it will try to steal an item from a linked list
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that is worked on by another thread. This is one of the pools that was used in the
benchmarking of [1].

2.5.2 RCQS and RCQD

Relaxed Concurrent Queue Single- and Double (RCQS/RCQD) are cyclic queues
similar to LCRQ), with the difference that they are relaxed, and do not link multiple
CRQs together [21]. In RCQS and RCQD, enqueues and dequeues acquire the
index for tail and head respectively, and attempt to operate on the corresponding
element. If an enqueue operation reaches an occupied slot, it will wait there until
the element has been dequeued. If a dequeue operation reaches a free slot it will
wait until an element is placed there. What makes this design relaxed is that an
enqueue operation that acquires the index of a slot is not guaranteed to be the one
to place an element there before another enqueuer. If enqueues wrap around the
RCQ, another one can acquire the same index and manage to place an element in
the slot first [21]. This would mean that the semantics of FIFO are not adhered to.
The same holds true for dequeuers. The difference between RCQS and RCQD is in
the handling of a slot’s state. The former uses the most significant bit of the data
field to tell if it is free or occupied, while the latter uses a separate state variable.
This means that RCQS can be implemented using CAS, while RCQD requires CAS2
[21].

2.6 Concurrency Management in Data Structures

As previously mentioned, there are two kinds of algorithms used to design concurrent
data structures. blocking and non-blocking. A blocking algorithm commonly locks
variables, objects, and critical sections of a program. Consequently, multiple threads
can not influence the same element at the same time, and thus, it will not be
subject to race conditions. However, the traditional method of using locks to ensure
correctness can cause deadlocks, where a thread that acquires a lock may hinder the
progress of other threads if the process fails or stalls [9]. Alternatively, there are
non-blocking algorithms, which use atomic processor instructions.

2.6.1 Memory Hierarchy

Modern processors use a memory hierarchy consisting of main memory and L3, L2,
and L1 caches, where each subsequent level is faster and smaller than the previous.
This memory hierarchy is used to increase the speed with which information can
be fetched for use by the processor. When data is requested it is fetched as a line
consisting of many bytes. It is placed in the level with the shortest access time
(L1) and evicted from a cache level if another line takes its place [22]. Fetching in
lines can improve performance according to the principles of spatial and temporal
locality. These principles state that addresses close together in proximity are likely
to be accessed shortly after one another, and an address is likely to be accessed
again in the near future if it has been accessed recently [22]. By fetching a line,
multiple addresses that are likely to be relevant later are all placed in the cache for
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quick access. By retaining recently accessed data in a faster cache level, it remains
poised for future utilization, aligning with the likelihood of its imminent retrieval.

2.6.2 Locality

Cache locality can be used to increase the speed with which operations can be
performed due to faster access to imperative information for the processor. However,
different cores have access to different caches. Commonly, each core has its own
L1 cache, hence, to adhere to the principle of spatial locality when working on a
data structure it is useful for a thread to do so on the same part continuously. In
the case of distributed data structures, this would mean a thread repeatedly and
deliberately elects to access the same parts of it instead of always choosing among
all sub-structures [20]. This would increase the likelihood of data being accessible
from the cache due to spatial locality, whereas it would be much less likely if the
choice for distribution allows for other partials and, consequently, other parts of
memory having to be fetched from.

2.6.3 Thread Pinning

To be able to leverage the performance improvements that are provided by locality,
it is important that threads continuously execute on the same cores in the processor
[23]. Additionally, threads should be assigned to separate logical cores to avoid a
scenario where the scheduler has to perform context switching, which will temporar-
ily hinder the progression of one thread in place of another. To ensure this, threads
may be pinned to specific cores.

2.6.4 False Sharing

To optimize a data structure, certain knowledge regarding how processors execute
instructions at a lower level is needed. One such optimization is called cache line
padding. This is achieved through aligning objects and pointers within a data struc-
ture to start at the beginning of a cache line and padding the bytes left over on the
line. Cache line padding increases memory consumption but reduces false sharing.
False sharing occurs when a thread invalidates a cache line by modifying bytes un-
related to the element of interest [24]. False sharing can lead to increased overhead
associated with cache coherency [25].

2.6.5 Memory Reclamation

For a data structure to be usable it is important that the memory that it accesses
can be reclaimed after it is no longer in use [26]. Otherwise, the use of the data
structure could in the worst case lead to a crash caused by a shortage of memory.
It is therefore important that such functionality is in place for a data structure to
be practically viable. This is not a trivial problem in terms of parallel programs as
a thread may be referencing parts of memory that another thread is in the process
of reallocating. A suitable solution is to use Hazard Pointers [27]. The accessed
pointers are placed inside an array to track them, thereby, ensuring they are not
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reclaimed whenever some other threads reference them. Whenever no thread uses a
specific pointer, it can be safely reclaimed.

2.6.6 ABA-problem

The ABA-problem can occur in lock-free data structures [27]. The problem can
occur when a thread reads a certain value that is then changed by other threads to
first a new value, and then back to the original value again. The thread which first
reads the value assumes that the value has not changed. This can be problematic
and cause erroneous behavior. In the context of memory reclamation, this can be
solved by using hazard pointers [27] or made less likely to occur by using versioning
to tag pointers [28].

2.7 Applications for Relaxed Queues

Previous work has been done on relaxed priority queues and there are several ap-
plications for them. For example, a relaxed priority queue can be used to find the
shortest path or a minimum spanning tree in a weighted graph [29]. In the case of
relaxed FIFO queues their areas of applications are not entirely clear. It is possible
to use them in applications where the order of the returned elements is of no impor-
tance but in those cases, the data structure would merely act as a pool with some
form of ordering.

2.7.1 Breadth-First Search

Breadth-first search (BFS) is an algorithm that finds the shortest path in an un-
weighted graph. The essence of BFS is that it searches from a starting point out-
ward in layers, where all nodes in any one layer (n) are one step further away from
the start than the previous layer (n-1). Hence, a node’s distance from the start
is one step further than its parent. The search continues through each subsequent
layer until all nodes have been visited. A BFS algorithm can be implemented using
a FIFO queue. By adding neighbors of nodes to the queue, and always acquiring
the next node to access from the queue, it will provide the properties of the layered
search [30]. In an unweighted graph, BF'S can be used to find the shortest path from
one node to all others.

2.7.2 Unordered Breadth-First Search

A BFS algorithm implementing a concurrent FIFO queue can give an incorrect
shortest path because it is not possible to guarantee the order of execution of the
different threads without synchronization mechanisms. This will result in the search
algorithm extending outward in unforeseen ways, potentially causing the path found
to be larger than the actual shortest path. In order to eliminate this behavior,
more work is incurred as shown in [7]. The extra work leading to incorrect paths is
designated wasted work by [29] since it has to be exchanged. Furthermore, a relaxed
FIFO queue can also be used in such an algorithm. Due to relaxation, nodes may
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be dequeued despite having been added after others. For example, nodes may be
chosen in the order of a stack rather than a queue, resulting in behavior similar to
a depth-first search algorithm, which has no guarantee of finding the shortest path.
However, this is also possible to overcome with extra work.
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Methods

3.1 Implementation of data structures

Here the tools and methods that were used to implement the different data structures
are described.

3.1.1 Scal

Scal [28] is a framework designed to implement and benchmark concurrent data
structures. It provides multiple benchmarks to test and compare various concurrent
implementations. It has also been used to produce research as in [21]. Furthermore,
it contains implementations of data structures. For example, it has an implementa-
tion of I-RA. For these reasons, and because it was designed by the creators of the
d-RA algorithm, it was deemed appropriate to build our implementations in this
framework.

An issue with using the framework is that it relies on cyclic memory for memory
allocation. Before every benchmark, a maximum size of thread local memory has to
be explicitly allocated. This can be problematic in a real-life setting for two reasons.
Firstly, the memory demands might not be known beforehand and secondly, this
limits the number of put operations done on the data structure. To avoid these
problems, the partial queues we use instead utilize hazard pointers. Hazard pointers
allow for allocating memory dynamically, although they introduce more overhead
than the memory allocator, which is also stated by the authors of the framework
[28].

3.1.2 Preexisting Implementations of Data Structures

Initially, an implementation of a Michael-Scott queue found in Scal was used but due
to poor performance, another implementation of the Michael-Scott queue was found
[31]. However, the version of 1-RA found in Scal was still used and was extended to
support d-RA. Implementations were also found for LCRQ [11], FAAAQ [6]. All the
partial queues use the same hazard pointer implementation [32] that was included
with them. An optimized version of the 2Dd-queue from [20] was also used and a
version of Bag from [8] that was given to us.
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3.1.3 RCQS and RCQD

There were no implementations of RCQS or RCQD provided by [21], therefore, they
were implemented in Scal by closely following the pseudocode they provide. The
sleep and wake functionality uses the Linux Futex system call [33]. The pseudocode
calls for wait functionality in the instance that a thread reaches a slot but is unable to
complete its operation. This was implemented by checking the time stamp counter
and waiting until a set number of cycles had passed to achieve a delay. How many
times this wait functionality is called is determined by specifying a number of spins.
Additionally, the slots in the queue are cache line padded to 256 bytes, to mitigate
false sharing.

3.1.4 Length Approximation for d-RA

In order for d-RA to function it is important that the length of the partial queues
can be approximated. In the case of the Michael-Scott queue size was calculated
by storing the total number of nodes enqueued. During the creation of a node, the
previous tail’s index is incremented. Using these indexes the length of the queue
was approximated. Note that it is an approximation since the head and tail indexes
are read separately, meaning that one may change after being read, resulting in the
size not being accurate. In the case of [1], ABA-pointers were used for this but
as mentioned, their version yielded poor performance during testing. The resulting
heuristic can be seen below:

queueSize = tail->idx - head->idx;

Here, tail->idx denotes the index of the tail node and head->idx is the index of the
head node.

In the case of FAAAQ and LCRQ), it is not trivial to approximate their lengths
because they are designed as linked lists of lists. In the same fashion as the Michael-
Scott queue, the size of these queues is approximated by subtracting the head index
from the tail index. For FAAAQ), this was done by storing a segment index belonging
to each segment. As a result, the head index could be calculated by taking the index
of the next element to be dequeued inside the head segment, and then adding the
index of that same segment multiplied by the segment size. This was then subtracted
from the tail index, which was calculated by taking the index of the next element
to be enqueued in the tail segment and adding the index of the segment multiplied
by the size of a segment. The resulting heuristic looks as follows:

tailidx = (tail->enqidx + tail->segidx * BUFFER_SIZE);
headidx = (head->deqidx + head->segidx * BUFFER_SIZE);
queuesize = tailidx - headidx;

Here, tail->enqidx is the current index of the last enqueued element in the tail
segment, head->deqidx is the index of the next element to be dequeued in the
head segment, BUFFER, SIZE is the size of a segment, and tail->segidx and head-
>segidx corresponds to the index of the tail and head segments.

LCRQ has a slightly different design due to the way indexes work in a CRQ. Because
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of its cyclic nature, indexes can become substantially bigger than the size of the
segment, and therefore the length could not be approximated in the same way.
Instead, every time a new segment is created, the latest tail index is brought along
as the start index of it. This means that the actual tail index is the next element to
be enqueued in the tail segment together with its start index. Similarly, the actual
head index is the next element to be dequeued in the head segment added to its
start index. The resulting heuristic looks as follows:

tailidx = (tail->enqidx + tail->startidx);
headidx (head->deqidx + head->startidx);
queuesize = tailidx - headidx;

Here, tail->enqidx is the index of the next element to be enqueued in the tail
segment, head->deqidx is the index of the next element to be dequeued in the head
segment, head->startidx and tail->startidx is the start index of the head and tail
segments. A small technical detail that is important to mention is that LCRQ uses
a bit in the indexes to signify whether or not the CRQ is closed for enqueuers. This
bit is ignored by the heuristic.

Note that the length calculation for FAAAQ and LCRQ are approximations. Par-
tially, because enqueue and dequeue indexes are read separately, leading to possible
interleavings where one is subject to change after being read. Additionally, it is
possible for these indexes to be updated without elements being added or removed,
as is the case when the dequeue index becomes larger than the enqueue index.

3.1.5 d-RA Emptiness Checks

In a distributed data structure it can be challenging to discern whether or not it is
empty. As mentioned, this was solved in the Michael-Scott-based d-RA by checking
if the tail has changed for every partial queue. Only checking for the index of the
last enqueued item (the tail) can cause issues related to linearizability whenever
FAAAQ or LCRQ is used in a distributed manner. If enough elements are enqueued
between the tail checks, a new segment can be created and the enqueue index can
reach the same value in the new segment. This would make it look like the enqueue
index has not changed. Hence, there is a theoretical interleaving that results in the
distributed data structure returning empty even though it is not. This was resolved
by creating a unique identifier with the index of the tail segment in the 32 most
significant bits and the enqueue index in the 32 least significant bits. If neither has
changed, no enqueue operation has been performed.

However, guaranteeing emptiness is problematic for the distributed LCRQ. This is
because the emptiness checks do not work without modifying the LCRQ algorithm,
since LCRQ will update the tail index of the head segment whenever the segment’s
head surpasses the segment’s tail. This can cause the partial queue to detect changes
made to itself whenever it finishes a dequeue operation. This in turn can cause an
infinite loop. Therefore, LCRQ was modified to instead let the head pass the tail in
order to avoid this behavior as this functionality is an optimization and not needed

[5].
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Unfortunately, this can result in the head surpassing the tail substantially. Hence,
the decision was made to add an early return from the queue before any indexes are
incremented. A thread will return empty if the segment’s head index is larger than
its tail index and if there are no other segments. This does not cause any issues
related to linearizability as the problematic behavior, in that case, would be if it
was possible that the thread returns, signifying that the queue is empty while it is
not. This can in turn only occur whenever the head has not surpassed the tail. This
is not possible as the tail index is read after the head index. Moreover, even if this
was not the case, meaning that tail could be larger than head and the comparison
succeeds, the changes made to the tail would be detected by the algorithm.

Finally, the implementation from [11] did not have the starvation functionality as
described in [5] but it was implemented. Whenever a thread fails to enqueue an
item a set number of times, a new segment is created. This is needed to guarantee
progress for enqueuers which in turn is needed to make the algorithm lock-free.

3.1.6 Progress-Based Heuristic

An alternative heuristic to d-RA’s length-based one was implemented. It chooses
partial queues based on how much progress has been made by enqueue and dequeue
operations. Specifically, enqueue operations are performed on the partial queue
that has had the fewest number of elements enqueued, i.e., the one with the lowest
tail/enqueue index. Similarly, dequeue operations are done on the one that has had
the fewest number of elements dequeued, i.e., has the lowest head/dequeue index.
In contrast to the length-based heuristic, this progress-based one has the potential
to lower contention since the head and tail would not be acquired simultaneously.
Furthermore, intuitively, this heuristic can balance the operations done on the partial
queues by always performing them on the one that has made the least progress thus
far.

Important to mention however, is that this heuristic has the same type of shortcom-
ing as the length-based one as it will rely on approximations. As stated, in the case
of LCRQ and FAAAQ), enqueue and dequeue operations can increment tail and head
indexes more than once due to failures. This can cause the indexes to not accurately
reflect how much progress has been made.

3.2 Correctness

Here the correctness of the derived queues will be discussed.

3.2.1 Lock-Freedom

No attempt will be made to prove lock-freedom for the used partial queues. This
is because there is no published proof of lock-freedom of FAAAQ and since LCRQ
has been modified, the existing proof can not be regarded as complete, and writing
such proofs is a difficult and time-consuming task. Therefore the assumption will
be made that both of these queues are lock-free. However, as the changes made to

22



3. Methods

FAAAQ only involve one new shared variable that is used for the d-RA algorithm,
and the changes made to LCRQ are similar to those of FAAAQ), have been previously
argued for, or are supported by [5], this property should not be affected. The only
relevant difference in terms of lock-freedom between the original d-RA, which is
lock-free [1], and the new ones using the FAAAQ and LCRQ is that an enqueue
can change the tail of the queue without succeeding in its operation. As seen with
the unmodified LCRQ, this can result in problems since a dequeuer can only return
empty whenever no changes to the tail of a partial queue are detected. This can
in turn lead to an infinite loop where a dequeuer detects failed enqueues and thus
never returns signifying emptiness. The difference is that enqueuers will eventually
succeed. In the case of FAAAQ this is true as the segments only allow a set number of
operations done to them. In the case of LCRQ), this is true as if an enqueuer starves,
it will force the creation of a new segment. As such, there is always an enqueue
operation, and consequently, a dequeuer, that will be able to make progress. If a
dequeuer can always make progress, then the algorithm is lock-free.

3.2.2 Linearizability

The same assumptions made in regards to lock-freedom will be made here in regard
to linearizability for the same reasons. The changes made to the partial queues
should not affect linearizability using the same argument as with lock-freedom. Fur-
thermore, the assumption will be made that all elements are unique as was done in

1].

The argument for the linearizability of the d-RA algorithm presented in [1] largely
holds true for the modified d-RA. Three conditions are mentioned in [1] for the
algorithm to be linearizable with respect to a pool.

1. The first states that an enqueue operation can only occur once for a specific
element. As every element is unique, the partial queues are linearizable FIFO
queues, and the distributed queue algorithm returns directly after the enqueue
operation is finished on a partial queue, this holds.

2. The second condition is that a dequeue operation for a specific element can
only occur once. This is true using the same logic as in the case of the enqueue
operations.

3. The third is the guarantee of emptiness. Namely, whenever the distributed
data structure returns indicating emptiness, there has to be some point in
time when all the partial queues are empty [1]. This point is defined to be
after the initial pass of the partial queues as in [1].

What is different is the third condition. Their argument has to be extended as for
FAAAQ and LCRQ the tail is not returned but instead, a combination of the number
of segments added and the current index of the last enqueue operation of the tail.
To prove that the queue is linearizable in regards to emptiness the following has to
be proven:

The combination of the segments added and their respective enqueue indexes form a

23



3. Methods

unique identifier.

In order for this to be true, this identifier directly corresponds to a specific unique
state of a partial queue with regard to enqueue operations. Dequeues can be disre-
garded.

This entails that an enqueue operation has to increment either the number of seg-
ments added or their respective enqueue indices. Whenever a new segment is added,
the variable signifying its addition is incremented before any CAS operation is tried.
The enqueue index is incremented atomically before any CAS is attempted. Since
these statements are true, a unique identifier can be created.

Since the combination of added segments and their respective dequeue indexes forms
a unique identifier, it can be used to show if any changes have been made to the tail
of the partial queue. Therefore, if a dequeueing thread returns indicating emptiness,
the data structure must have been empty at some point in time. Hence, the queue
is linearizable when empty.

3.3 Applications

Throughout this project, efforts were made to identify a suitable application for a
relaxed FIFO queue. This was not a trivial task as the intent was to find algorithms
where there exists an inherent tolerance to the queue’s relaxation. At the same
time, the performance speed-up of the queue has to be substantial enough to justify
the possible costs associated with the relaxation. In the end, it was decided that
the simplest application to investigate would be breadth-first search. Scal included
functionality for sequential BF'S such as graph file parsing, and that was used to
implement the following parallel algorithms.

3.3.1 A Breadth-First Search Algorithm With Errors

Breadth-first search has previously been used in the context of relaxed FIFO queues
[1] and in regards to relaxed priority queues [29]. However, to our knowledge, no
investigation has been done to find the relationship between relaxation and the
errors associated with it in the context of FIFO queues. A simple way to do this is
to calculate the shortest path from a root node to the other nodes in the graph. This
can be done by continually taking a node from the queue, updating its neighbors’
distance and parent, and adding them to the queue. However, as long as the graph
is not a tree, behavior deviating from traditional BF'S behavior can result in errors.
The resulting algorithm, which is a simple parallelization of the BFS-algorithm found
in Scal, can be seen below.

1. Search commences at a starting node, which at the start is the current node.

2. The neighboring nodes’ distances from the start are calculated as the current
node’s distance plus one. Distance is assigned to a node with a compare-
and-swap operation that only succeeds if the node has no distance previously
assigned to it. For performance reasons, the algorithm will only attempt the
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compare-and-swap operation if, during a previous check, there was no distance
associated with the node.

3. All unvisited neighbors of the current node are added to a FIFO queue if the
node’s distance was successfully updated.

4. The next node is chosen from the head of the queue and becomes the new
current node.

5. Repeat steps 2 through 4 until all nodes have been visited, i.e., the queue is
empty.

6. The algorithm terminates when there are no active threads doing work on
elements of the queue.

3.3.2 An Unordered Breadth-First Search algorithm

As mentioned, due to scheduling and relaxation the previous algorithm will not
necessarily yield the shortest path from the root node to the other nodes of the graph.
However, a small modification was done to the previously described algorithm, in
order to overcome the drawbacks of this. This version acquires a node from the queue
and then attempts a compare-and-swap operation to update its distance if none has
been previously assigned, the same way the previous algorithm works. Additionally,
even if a distance has been set, it will update it if it yields a shorter path than the
one previously assigned. It also adds these neighbors to the queue even if they have
been visited. This continues until the queue is empty. Relaxation in the traversal
of a graph leads to wasted work [29], however, if the increase in throughput is high
enough the costs associated with the relaxation may be overcome. We define work
as the total number of successful compare-and-swap operations that update the
distance of a node. The algorithm can be seen below and is very similar to the
Fixpoint algorithm described in [7].

1. Search commences at a starting node, which at the start is the current node.

2. The neighboring nodes’ distances from the start are calculated as the current
node’s distance plus one. The distance is updated in the case that none has
been previously assigned and also if the current node’s distance plus one is
smaller than what was previously assigned. This is done through a CAS
operation. If it fails, the entire step will be repeated for that neighbor.

3. If the distance is updated, all neighbors of the neighboring node are added to
the FIFO queue.

4. The next node is chosen from the head of the queue and becomes the new
current node.

5. Repeat steps 2 through 4 until the queue is empty.

6. The algorithm terminates when there are no active threads doing work on
elements of the queue.
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Graph V| |E| Type
sparsel0M | 1000000 | 10502285 | Directed (random)
sparse50M | 1000000 | 50497177 | Directed (random)
sparse200M | 1000000 | 200456282 | Directed (random)
audikw 1 943695 | 38354076 Undirected

cagelb 5154859 | 47022346 Undirected

Table 3.1: The graphs used for benchmarking

3.3.3 Graphs

To test the speed of the implemented BFS algorithms, multiple graphs were tested
and traversed, see Table 3.1. The graphs use a graph-file format called METIS [34]
and are unweighted. Technically, the randomized graphs do not exactly follow this
standard as the format to our knowledge is designed for undirected graphs. Still, it
works with the pre-implemented graph parsing code in Scal. This graph format does
not count duplicate edges which means that the edges, A-B and B-A are regarded
as one edge.

The randomly generated graphs are directed and they were generated by randomiz-
ing the outgoing edges for each node. The minimum number of outgoing edges is
one and at maximum n. As the effects of relaxation are going to be dependent on
the number of edges in the graph, it was important to test different graph densities.
Still, due to the benchmarking time, a maximum of n = 400 was used. Therefore all
the graphs can still be considered relatively sparse as they all have 1 million vertices.

The undirected graphs audikw_ 1 and cagel5 were included in Scal but can also be
found in [35].

3.4 Benchmarks

In Scal, there are two benchmarks that we will use. The first one is called producer-
consumer and it simulates an environment where objects are both enqueued and
dequeued in parallel, where some threads act as consumers and some as producers.
In between the operations, the threads can wait for ¢ CPU cycles or alternatively
compute Pi to the ¢; decimal. However, no waits were used in our benchmarks. This
benchmark simulates an environment that tests the queue’s functionality to act in a
manner that is similar to a letterbox, where enqueues and dequeues are in parallel.

The other benchmark is called sequential alternating. Here, all the threads do an
enqueue operation followed by a dequeue operation. This benchmark is of special
relevance for the Bag [8] as it should be able to realize its full potential in terms of
thread local storage.

In the case of sequential alternating there already was an option to start the bench-
mark where every thread starts to enqueue a specified number of elements in the
data structure before any dequeue operations are started. This also means that a
thread will have several consecutive dequeue-operations. However, this functionality
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was modified slightly as there was an off-by-one error in it. The reason why using
prefill is of interest is that both FAAAQ and LCRQ each store a certain number
of elements before a new segment is created. This means that it is possible in the
case of producer-consumer benchmark, and guaranteed in the case of the sequential
alternating benchmark, that the creation and removal of segments is not done. Fur-
thermore, some data structures have dramatically different performance whenever
there are few elements in them. Therefore, the inclusion of prefill is regarded as a
necessity to accurately measure the performance of the queues.

3.4.1 Calculating Relaxation Distance

In Scal there is no available functionality to measure relaxation so we had to im-
plement our own. Fortunately, there was functionality that logs the operation that
was done by the benchmark and it was possible to associate every operation with
a timestamp. For every data structure that we have measured therefore we add a
timestamp at every point of linearization that is stored thread locally. According
to [1], logging only has a small impact on performance. After the benchmark is
finished, all the thread-local time stamps are collected and sorted. Then, for every
operation, the relaxation distance is calculated, meaning how out of order the oper-
ation is. This is done by simulating the execution of the data structures from the
logs by calculating how many dequeues precede the item that should be dequeued
according to the current enqueue. When this is done for an item, both the enqueue
and dequeue operations are marked as finished and ignored in subsequent calcula-
tions. If a dequeue operation fails, which can happen in the producer-consumer
benchmark, the operation is ignored in the relaxation calculation.

Currently, the downside of this approach is that it is performance intensive and
only works for a much smaller number of operations than is used for the ordinary
benchmarks. This is deemed sufficient for our purposes but it is still a possible source
of error. For example, the memory reclamation functionality will work differently
as the smaller number of operations might not trigger garbage collection.

3.4.2 Configuration of Data Structures

Some data structures have configurations associated with them. The configurations
are shown and explained below.

o FAAAQ Segment size is set to 1024, the default size of the implementation
taken from [6].

e LCRQ Segment size is set to 1024, the default value of the implementation
taken from [11] and the one found in Scal. Also, LCRQ will regard an enqueuer
as starving if it fails six consecutive enqueue operations. This number was
found experimentally..

e RCQS and RCQD Array size is set to 2048 slots, which was the case in [21].
Wait time was set to 5000 cycles, and spin, which signifies the number of waits
that are called, was set to 1000. These numbers were found experimentally.
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e 2Dd- Queue Relaxation bound was set to 10® to make it comparable in relax-
ation to the other data structures, width (number of sub-structures) was set
to the number of threads, and the depth (the number of allowed operations on
a sub-structure until another one is tried) was calculated automatically from
the previous values.

3.5 Benchmark Environment

The environment used to test and run benchmarks consists of two 128-core AMD
EPYC 9754 processors at 2.25GHz with simultaneous multithreading, 256 MB L3
cache, and 755 GB of RAM, running openSUSE Tumbleweed with 7.4.1 Linux kernel,
GCC/g++ version 13.2.1 20240206. This platform utilizes the x86 instruction set,
which is required to access all the instructions needed. The two processors allow for
512 threads to be run simultaneously, although we only use one of the processors,
limiting us to 256 threads. This lets us examine how well the data structures scale
at very high core counts. Threads are pinned to separate logical cores. This is done
in a round-robin fashion over the Core Complexes (CCX), which means that all
CCXs will have one thread pinned to them before any has two, each will have two
before any has three, and so on. Since the benchmarks in this thesis use enough
threads to require multiple CCXs, this method of pinning will eliminate the change
in synchronization time that will come when the thread count exceeds one CCX.
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Results and Discussion

4.1 Results of New Partial Queues

In this chapter of the report, we show the performance of the queues in the producer-
consumer and sequential alternating benchmarks. We also discuss the results and
evaluate their implications.

The evaluation of the distributed data structure was done with 80 partial queues.
This was based on the results of [1] where 80 partial queues were determined to work
well. Only 1-RA and 2-RA were tested as in [1]. All the benchmarks were run 5 times
and for every data structure, both the mean and standard deviation of the results are
plotted. Throughput is in the unit of operations per millisecond. Furthermore, to
achieve these results no wait was employed and the number of operations per thread
was set to 1000000 in the throughput benchmarks. The number of operations used
in relaxation benchmarks was set to 1000 except in one specific benchmark where
20000 was used, see Figure 4.9. The thread count increases exponentially with a
base of 2. The maximum number of threads used is 256, however, the Bag is limited
to 64 due to its implementation. The number of operations in the throughput
benchmarks corresponds to that of [1]. RCQD is not shown here as it performed
almost identically to RCQS in testing.

4.1.1 Performance of the Producer-Consumer Benchmarks

In this benchmark 50% of the threads act as producers and 50% act as consumers.
In Figure 4.1 the producer-consumer results of all queues and the Bag can be seen.
In this benchmark, the absolutely highest throughput comes from 1-RA FAAAQ), fol-
lowed by 1-RA LCRQ. 1-RA LCRQ does not perform as well at lower thread counts,
which we suspect is because it often encounters empty partial queues, preempting
enqueuers, and as a result creates new segments due to the starvation functionality.
They are shown to outperform the 1-RA Michael Scott queue by a large amount
and in contrast, they continuously scale with the number of threads. However, note
that the x-axis is logarithmic, and since no queue shows a doubling of throughput
with a doubling of threads, none scale perfectly.

The other queues that are benchmarked here fall behind as contention increases.
Seemingly, FAAAQ and LCRQ are able to take advantage of the low amount of
contention at low thread counts. Here they outperform the 2-RA algorithm, likely
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Throughput vs Number of Threads
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Figure 4.1: Throughput results of the producer-consumer benchmark. Higher is
better.

both due to less complexity and better locality since they do not switch between
partial queues. As contention increases their performance decreases, although they
are able to scale somewhat even at very high thread counts. The Michael Scott
queue is the slowest data structure. As described in Section 2.2.4, it is expected
that this queue suffers as contention increases due to CAS failures. Moreover, it
is made worse by memory reclamation, which is done whenever a node is removed
from the queue. Without the memory reclamation, it performs better but is still
not close to the other data structures.

The Bag performs well at low thread counts but its performance continually de-
teriorates. This is an expected result for producer-consumer and aligns well with
the results of [1]. The 2Dd-queue is slow when there are few threads, however, as
contention increases it scales better than 1-RA Michael Scott by a margin. The fact
that it is not empty linearizability likely helps its performance. Also, RCQS initially
performs quite well, at a level close to LCRQ and similarly, it diminishes as more
threads are added. However, as contention increases it is able to scale better, to the
point it almost performs at the level of 1-RA Michael Scott. It is worth mentioning
that RCQS is likely aided in this benchmark by not being dynamic and not requiring
memory reclamation.

The 2-RA versions continue to scale with the number of threads similarly to, al-
though not as well as, the 1-RA versions. Looking closely, the Michael Scott queue
performs better with the 2-RA algorithm than without, which is expected due to
lower contention. The benchmark reveals it to scale better than the concurrent
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queues LCRQ and FAAAQ, however, they are similar in performance at high thread
counts. It is seen to decrease at high thread counts, unlike the LCRQ and FAAAQ
versions of 2-RA. This is likely the result of increased contention, which Michael
Scott is more susceptible to.

Furthermore, the progress-based heuristic performs better than the length-based
one in these benchmarks. The difference is increasingly obvious as the thread count
increases. This indicates that as contention increases there is an advantage in choos-
ing based only on either the head or tail, possibly because it decreases contention.
This difference is especially visible for the 2-RA queues based on LCRQ and FAAAQ).
One explanation for this is that the length-based heuristic has a shortcoming in their
case. Since indexes can be incremented, even during failures, it is possible that the
heuristic mistakes an empty partial queue for a non-empty one which should impact
performance.

4.1.2 Relaxation in Producer-Consumer Benchmarks

Relaxation measurements of the producer-consumer benchmark are shown in Figure
4.2. Note that the concurrent versions of the partial queues were not benchmarked
as they are not relaxed. The plot reveals that although the 1-RA queues have strong
throughput results, they are accompanied by a large amount of relaxation. We can
also see that the 1-RA algorithm with FAAAQ and LCRQ has higher relaxation than
Michael Scott. This could be because of a disparity between the execution time
between enqueued and dequeues for these implementations. Because on average
dequeueing requires more time than enqueueing with these queues, there can be
a large number of enqueued elements in the queue at any time. Consequently,
elements may be dequeued in a more random and, hence, relaxed manner. This,
and the fact that 1-RA chooses partial queues entirely at random, results in a high
average relaxation distance. This means these queues are less suited for applications
where the order of operations matters.

Regarding the 2-RA implementations Figure 4.2 shows a vastly lower level of relax-
ation compared to the Bag and much lower than the 1-RA queues. Additionally,
there are distinctions between different partial queues and the two heuristics. The
FAAAQ and LCRQ versions of 2-RA have substantially higher levels of relaxation
than the Michael Scott version. We theorize that this is dependent on the previously
mentioned inaccuracies that can be caused by the length-based heuristic. Further-
more, due to these inaccuracies, we expect dequeuers to fail more frequently. As
the amount of average relaxation is partially tied to the number of elements that
reside in the queue at a time, frequent dequeue failures will increase the number of
elements in the data structure. For example, if there are only 20 elements in the
queue, the highest relaxation distance possible is 19. However, the progress-based
heuristic is shown to lower the level of relaxation to an almost bounded level, and
it does so for all versions of 2-RA.

The 2Dd-queue is seen to vary between higher and lower levels of relaxation, but
it constantly maintains a higher degree than the 2-RA implementations until 2-RA
LCRQ and 2-RA FAAAQ with the length-based heuristic surpass it. RCQS is barely
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relaxed until higher levels of contention, which is expected as multiple enqueuers or
dequeuers need to reach the same slot for relaxation to happen. At higher thread
counts, threads attempting to perform the same operation can cycle around the
array to the same slot again before the thread previously assigned to it completes
its task [21].

Unsurprisingly, Figure 4.2 shows that the Bag is relaxed enough to extend outside
what is shown in the graph. The whole graph can be seen in appendix Figure A.1.
As was shown in the previous section it did not perform very well for the amount of
relaxation it has. This is not an entirely unexpected result as the producer-consumer
benchmark renders it unable to take advantage of locality, which is something it
otherwise is proficient in.
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Figure 4.2: Relaxation results of the producer-consumer benchmark. Lower is better.

4.1.3 Throughput in Sequential Alternating Benchmarks

In this benchmark, each thread attempts to enqueue and dequeue 1000000 elements.
We show benchmarks with 0%, 1%, and 100% prefill to showcase how the perfor-
mance differs in different scenarios. A prefill of 10% was also tested but yielded very
similar results to that of 1% prefill. As was mentioned, prefill causes each thread to
enqueue a specified number of elements before any dequeues are performed. There
is, however, no guarantee that threads finish enqueueing at the same time, meaning
there may be overlap where some are in the enqueuing phase while others have be-
gun dequeuing. RCQS is not included in sequential alternating because it is static
in size and hence, unable to handle prefill.

The 2Dd-queue is not empty-linearizable and as such we allowed it to fail a dequeue
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Figure 4.3: Throughput results of the sequential alternating benchmark with 0%
prefill. Higher is better.

operation which is not the case for the other data structures. This should not affect
its performance dramatically but the fact that it is not empty linearizable will yield
performance benefits over the d-RA based queues.

Figure 4.3 shows throughput results in this benchmark. The strongest performance
comes from the Bag. It quickly scales too much to be shown with the queues but
can be found in the appendix in Figure A.2. Sequential alternating always enqueues
an element before dequeuing, hence, there will always be an element in the Bag’s
thread local storage before a dequeue is performed, which means it can always work
thread locally. It manages performance more than an order of magnitude larger than
the second-best data structure despite being limited to 64 simultaneous threads.

Furthermore, Figure 4.3 shows that the throughput of the 1-RA queues does not
excede the 2-RA versions unlike in the producer-consumer benchmark, which is
likely due to the high number of empty partial queues that will be encountered by
dequeuers. Unlike 2-RA, 1-RA has no heuristic that can help it avoid empty queues.
1-RA Michael Scott does very poorly in this benchmark.

The results for the other queues differ somewhat from the producer-consumer bench-
marks. LCRQ performs significantly better than FAAAQ in this scenario, which is
likely because the cyclic design of LCRQ makes it able to take advantage of locality.
This is not possible in the same way for FAAAQ since it creates new segments even
if there is open space at the start of the segment. The 2-RA algorithm with Michael
Scott barely outperforms LCRQ at high thread counts, which may be the result of
high contention. Surprisingly, despite the progress-based heuristic only requiring ei-
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ther the head or tail at once, it lowers performance when the thread count increases
from 128 to 256.

2-RA FAAAQ and 2-RA LCRQ scale better with increased threads, the same way
they did in the producer-consumer benchmark. However, LCRQ is faster than
FAAAQ with both length- and progress-based heuristics. This might be because
of how LCRQ creates new segments to avoid starvation, as versions tested without
this feature did not perform as well. The new heuristic is able to further increase
throughput in this benchmark for these queues.

The 2Dd-queue performs well here, maintaining a high level of throughput at all
levels of contention. It is only surpassed by the 1-RA and 2-RA queues at 256
threads where it has stopped scaling. The strong performance might be because
of its ability to work thread locally. However, as the number of threads affects the
depth, this ability will be affected by a higher thread count.
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Figure 4.4: Throughput results of the sequential alternating benchmark with 1%
prefill. Higher is better.

With 1% prefill, in Figure 4.4 the Bag has a lower throughput than with 0% prefill,
yet still high enough to not fit in the plot. The whole plot is found in the appendix
in Figure A.3. 1-RA FAAAQ and 1-RA LCRQ are seen to outperform the other
queues, which is expected since there will now not be as many empty partial queues,
which means that the lack of heuristic is not as problematic as before.

Overall the resulting order is very similar to those in the producer-consumer bench-
mark, which is not a surprise since in both scenarios the threads operate on partial
queues that are less likely to be empty. However, similarly to the benchmark with
0% prefill, 1-RA Michael Scott is still performing worse than its 2-RA counterparts
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at high thread counts. This could possibly be dependent on its lack of ability to
balance the work of different threads across the different partial queues. During
high levels of contention, we expect this to impact performance.

The progress-based heuristic, yet again performs better than the length-based one,
except for 2-RA Michael Scott. Since this was also the case with 0% prefill it seems
that whether the queue contains many elements or is close to empty, the progress-
based heuristic is still able to outperform the other with regard to throughput. There
is however an outlier in Michael Scott.

The 2Dd-queue scales more consistently in this benchmark than with 0% prefill.
For example, the performance is still increasing at 256 threads. For some reason,
the decrease in depth does not seem to affect throughput whenever the queue has
more elements. However, the relative performance compared to the 2-RA and 1-RA
queues is lower.
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Figure 4.5: Throughput results of the sequential alternating benchmark with 100%
prefill. Higher is better.

With 100% prefill, Figure 4.5 shows that the Bag suffers greatly in this benchmark.
This causes the 1-RA and 2-RA versions of FAAAQ and LCRQ to surpass it signifi-
cantly when contention increases. This result likely has to do with how the memory
allocation functions for the Bag, where blocks are designed to fit inside a cache
line and hence require a lot of memory allocation when many elements have to be
added without removing any. This allocation is not as problematic when elements
are enqueued and dequeued without filling a block. In testing, a larger block size
yielded much higher throughput. Still, the values used to achieve those results dra-
matically deviated from the default implementation so the decision was made to
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leave it unchanged.

Regarding the 2-RA queues, they have a lower throughput here than in producer-
consumer and sequential alternating with 1% prefill. This could be explained by
increased contention as for the majority of the time this benchmark works in two
phases, one enqueue and one dequeue phase. During the first phase, threads will
attempt to enqueue all their elements at once, and during the second then they will
all attempt to dequeue everything. This means contention should be higher on the
tail in the first phase and then higher at the head in the second. This may also be
why the Michael Scott versions of 1-RA and 2-RA decrease in performance at lower
thread counts than previously.

Furthermore, the order between the 2-RA queues is different here compared to
other benchmarks. Here FAAAQ is better than LCRQ with both heuristics and the
performance is close to identical between heuristics. Again, this is likely related to
the two phases. During the first phase, the choice of partial queue mostly depends
on the tail, and in the second, it mostly depends on the head. The progress-based
heuristic always operates entirely based on the tail during enqueues and the head
during dequeues, which means that in this benchmark the heuristics generally behave
identically. Hence, the heuristic seems to have close to no impact on the throughput
of the queues, resulting in the only difference being dependent on what partial queue
is utilized.

The 2Dd-queue outperforms 1-RA and 2-RA Michael Scott. Again, this seems to
be because the Michael Scott queue suffers from the high level of contention put
on it here. The 2Dd-queue is, as mentioned, not empty linearizable and therefore
does not need to save the tail after every attempted dequeue-operation. The actual
throughput is very similar to the benchmark with 1% prefill.

4.1.4 Relaxation in Sequential Alternating Benchmarks

For the relaxation measurements in the sequential alternating benchmarks with 0%
prefill, we can see in Figure 4.6, which provides some surprising results. The Bag is
shown to have the lowest amount of relaxation here, which is a major deviation from
results in producer-consumer and the expected behavior of a pool. We hypothesize
that because a thread always enqueues an element before it attempts to dequeue one,
it will dequeue the element it just enqueued, meaning that thread locally there will
be no relaxation. Furthermore, because a thread is not slowed down by interacting
with other threads, it can likely perform operations at a similar rate constantly. This
seems to result in elements being enqueued and dequeued in very close to the correct
order resulting in a very low level of relaxation.

As expected, the 1-RA versions have higher relaxation than the other queues. How-
ever, the outlier here is 1-RA LCRQ, which has one of the lowest levels of relaxation.
This has to do with the starvation code in LCRQ as increasing the threshold for
when new segments are created eliminated this behavior. Furthermore, the through-
put of the relaxation measurement was investigated and it was substantially slower
than the throughput measurement of the relaxation benchmark for 1-RA FAAAQ.
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Figure 4.6: Relaxation results of the sequential alternating benchmark with 0%
prefill. Lower is better.

We suspect that this measurement highlights a shortcoming of our method to mea-
sure relaxation as they should be comparable in performance. We believe that since
the 1-RA algorithm does not differentiate between partial queues, it will be quite
likely to pick empty queues and therefore cause enqueuers to starve. Creating a new
segment should be a relatively costly operation as several enqueuers might attempt
it. We deem that this for some reason, must be more likely to occur early on in the
benchmark. Since the number of operations is low, this would impact throughput
and relaxation to a much more substantial degree than in the throughput bench-
mark.

Relaxation scales relatively equally between all 2-RA queues, including those with
the progress-based heuristic. This result differs from producer-consumer where relax-
ation for the heuristic looked almost bounded. We suspect that none of the queues
ever contain enough elements to begin balancing relaxation. This is also supported
by the fact that relaxation never reaches the same level as producer-consumer for
any data structure in this benchmark.

The 2Dd-queue shows low levels of relaxation in this benchmark. Similarly to the
pool, we expect that this is because of how it is able to work thread locally. An
indication for this is that relaxation rises significantly at 256 threads, at the same
point when Figure 4.3 shows performance was lowered. This decrease in throughput
is believed to be because of its lessened ability to exploit locality. This is because
its depth will decrease whenever threads increase due to the relaxation bound.

Figure 4.7 shows results with 1% prefill. The Bag behaves similarly to the 1-RA
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Figure 4.7: Relaxation results of the sequential alternating benchmark with 1%
prefill. Lower is better.

algorithm in relaxation. Since it already contains elements when dequeuing begins,
and because the thread local storage is implemented like a stack, average relaxation
will be made higher as the first elements to be enqueued will remain until the last
element is dequeued.

The rest of the results are similar to those in producer-consumer, which is also
the case with throughput in this benchmark. 2-RA FAAAQ and 2-RA LCRQ are
practically identical, making it difficult to see the LCRQ. The same is true for
the progress-based heuristic-based queues. Generally, the new heuristic maintains
lower levels of relaxation while it continually increases for the length-based one. This
indicates that when the queue contains a sufficient number of elements, the progress-
based heuristic chooses partial queues in a way that results in less relaxation than
the length-based one.

The 2Dd-queue shows similar levels of relaxation here as the 2-RA progress-based
queues. In this test, there are more elements in the queue once dequeuing begins.
This shows that the 2Dd-queue handles relaxation relatively well when there are
more elements the queue.

Finally, in Figure 4.8 we see the worst-case scenario for the Bag. Here all threads
enqueue all their elements, but no barrier is employed before they begin dequeuing.
Since the Bag does this in a thread-local stack, it results in the highest relaxation
possible. It exceeds the relaxation in 1-RA by a large margin despite those queues
also being highly relaxed. To see the graph in full, see appendix Figure A.4.

38



4. Results and Discussion

Relaxation vs Number of Threads
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Figure 4.8: Relaxation results of the sequential alternating benchmark with 100%
prefill. Lower is better.

Furthermore, as is the case in the other benchmarks, the progress-based heuristic
limits relaxation. In contrast, the length-based heuristic scales with the number of
threads. Interestingly, the difference in relaxation between the partial queues is no-
table when the length-based heuristic is applied. The most interesting observation
can be found with 2-RA Michael-Scott as it has considerably higher relaxation than
the other two 2-RA-based queues. We believe this is caused by contention between
enqueuers initially. This is because, for a given Michael-Scott queue, only one en-
queuer can succeed at one time as opposed to LCRQ or FAAAQ. This could lead to
some threads being preempted while enqueueing, while other threads have started
dequeuing. This is problematic for the length-based heuristic (see Section 4.1.5).
The reason for the differences between LCRQ and FAAAQ has not been identified
but it is probably related to contention between enqueuers.

Finally, we can see that the 2D queue has a stable relaxation that is lower than
that of the length-based 2-RA data structures but higher than the progress-based
queues.

4.1.5 Results of Progress-Based Heuristic

The progress-based heuristic introduced in this thesis provides interesting results in
testing. In benchmarks where the queue is close to empty it does not perform quite
as well as the length-based heuristic used in [1]. This can be seen with the Michael
Scott version of 2-RA shown in Figure 4.2, which is likely to be close to empty since
during measurements enqueues and dequeues require about the same amount of
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time. This was not the case for LCRQ and FAAAQ. Here the length-based heuristic
outperforms the other at all thread counts except 256. In contrast, the FAAAQ
and LCRQ versions, both of which take longer to perform dequeues than enqueues,
do have more elements in the queue and do show a substantially lower amount of
relaxation with the progress-based heuristic in this benchmark.

In sequential alternating with 0% prefill, as is shown in Figure 4.6, the progress-based
heuristic generally results in a higher level of relaxation. Again, this is caused by the
fact that the queue will generally not be filled, rendering many partial queues empty.
The interpretation is that the progress-based heuristic suffers from this since it does
not have the same tendency to filter out shorter, and by extension empty, queues
when performing dequeue operations. It is also difficult to distinguish significantly
between the 2-RA queues in general in this benchmark, indicating that neither
heuristic is balancing well in this scenario.

In other sequential alternating benchmarks where there is prefill of 1% and 100%, as
is seen in Figures 4.7 and 4.8, the progress-based heuristic is shown to limit relaxation
much better than the length-based one, which as stated is also the case for the
FAAAQ and LCRQ versions in producer-consumer. This indicates, with sufficient
elements in the queue, that the progress-based heuristic better limits relaxation.
Also, the throughput is generally shown to improve as it mostly delivers performance
improvement at high thread counts.

Furthermore, in testing the substantial differences between heuristics were not re-
producible whenever a barrier was employed between the enqueue and dequeue op-
erations, i.e., when all enqueue operations were done before the dequeue operations
began. The heuristics become identical in this case but due to different levels of
contention, some differences in relaxation were noted.

Assuming that elements are evenly distributed among the different partial queues
and that there are active enqueuers and dequeuers, the length-based heuristic may
pick queues in a non-optimal manner. This is because whenever an element is
dequeued, the partial queue where that element used to reside is more likely to
be chosen for a subsequent enqueue operation. This in turn will make it more
likely to be dequeued from again. This will affect relaxation as the heuristic will
not differentiate between partial queues that contain recently enqueued elements
compared to older ones. This explains why the progress-based heuristic results in
less relaxation in benchmarks where there are sufficient elements in the queue.

Figure 4.9 shows that the relaxation improvement from the progress-based heuristic
is likely related to the hypothesis described above. In this test, there is only a
single thread executing at once, while the number of partial queues varies. This
means that there is no contention between threads, yet relaxation is much lower
for the progress-based heuristic and there is little variance. As can be seen, the
progress-based heuristic is able to perform substantially better even when there is
no contention.
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Relaxation vs Number of Partial Queues
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Figure 4.9: Relaxation results in sequential alternating with respect to partial queues.
50% prefill, 20000 total elements. One working thread. Lower is better.

These results can be used to show that it is possible to limit the relaxation substan-
tially by decreasing the number of partial queues. In Figure, 4.10 a) we compare the
throughput of 2-RA FAAAQ with 20 partial queues using the new heuristic and the
previous results of the different Michael-Scott-based d-RAs in a producer-consumer
benchmark. Here we can see that even if the number of partial queues is decreased,
a substantial performance increase can be had. At the same time, we can see in
Figure 4.10 b), that the relaxation of 2-RA FAAAQ is at worst comparable and at
256 superior.
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Throughput vs Number of Threads
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Figure 4.10: Throughput and relaxation of a producer-consumer benchmark compar-
ing the progress-based d-RA FAAAQ with 20 partial threads against d-RA Michael-
Scott versions
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4.2 Shortest Path Calculations

In the following graphs, results are presented for the shortest path calculation when
both errors are allowed and disallowed. For all the benchmarks, in order to ensure
that no threads are killed prematurely, the following is done: a thread can only be
killed if all threads have failed 1000 consecutive dequeue operations. The end time
for the algorithm corresponds to the last time a thread completed a dequeue and
subsequent operations. This was done to facilitate the comparison and if threads
died prematurely, performance suffered. Initially, the Michael-Scott queue was con-
sidered for the benchmarking but it was not used in this comparison due to poor
performance during testing. The progress-based heuristic was used for the d-RA
versions as it outperforms the length-based heuristic in previous benchmarks. Fur-

thermore, a version with 20 partial queues was tested for the progress-based 2-RA
FAAAQ

Five roots were randomly selected for each graph. They were each benchmarked five
times per data structure and thread level. The mean results of the roots were then
used to calculate the standard deviation.

Due to the similarity of the results, the majority of the graphs, shown earlier in
Table 3.1, will be presented in the appendix but still might be referred to. The two
presented graphs are cagel5 and sparse200M as they differ both in density and the
latter is randomly generated.

4.2.1 Errors Allowed

In Figures 4.11 a) and 4.12 a), we can see the elapsed time of the algorithm for
two of the graphs. This illustrates a baseline that serves as the believed maximal
possible speedup of the relaxed queues. The relaxed queues clearly outperform the
non-relaxed ones after 8-16 threads. In fact, the different relaxed data structures
are difficult to tell apart due to their similarity in runtime. However, we can see
that FAAAQ in general outperforms LCRQ on high thread counts.

In many ways, the more interesting observations can be made in Figures 4.11 b)
and 4.12 b). Here the differences in generated path lengths are illustrated. First
of all, we can see that the relaxed queues on average generate longer paths than
the non-relaxed queues. This is expected due to relaxation. Furthermore, we can
note the differences between LCRQ and FAAAQ, as FAAAQ in general seems to
generate longer paths. This is related to scheduling and most probably contention.
An example of how contention could cause this behavior is that if many enqueue
operations are slow, then the out-of-order behavior should be increased further as
we would expect more randomness in the traversal. The initial thought was that this
could be caused by enqueuers being preempted to a larger extent in FAAAQ than
LCRQ. This is because, LCRQ will, as previously mentioned, move the tail forward
if the head surpasses it which is not the case with FAAAQ. Measuring the number of
failed dequeue operations, however, gave inconclusive results. FAAAQ had a higher
number of failed dequeue operations per run than the other data structures but this
could be explained by the fact that it should be faster at returning whenever the
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queue is empty due to the implementation. Furthermore, it was not possible to
discern a relationship between the generated path lengths and the number of failed
dequeues for FAAAQ. The difference in path lengths between the two concurrent
queues is observed in all tested graphs.

In regards to the relaxed queues, much as in the case of the runtime, it is difficult
to see any systematic differences in behavior. However, it is of interest that 2-RA
FAAAQ with 20 partial queues, which should yield lower levels of relaxation, yields
similar and sometimes longer path lengths than the 2-RA FAAAQ with 80 partial
queues. One explanation could be that fewer partial queues increase the effects of
scheduling due to contention. This could also be due to a smaller number of elements
in the queue as we would not expect major differences in relaxation in that case.

Furthermore, it is important to mention the differences in path lengths that can
be observed between the different graphs. In general, it seems like the effects of
scheduling and relaxation are substantially higher in the random graphs compared
to the non-random ones. This can be seen when comparing the path lengths at one
thread versus higher threads.
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Figure 4.11: The elapsed time and average path length of the different data struc-
tures on cageld when errors are allowed.
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Figure 4.12: The elapsed time and the average path length of the different data
structures on Sparse 200M when errors are allowed.
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4.2.2 Unordered BFS

When no errors are allowed, the runtime results are very similar to the case whenever
errors are allowed, see Figures 4.13 a), 4.14 a). The relaxed queues outperform the
non-relaxed queues starting at 8-16 threads, being slower before that. We can also
observe that a lower number of partial queues seems to decrease the elapsed time
at low thread counts. After a certain thread count, the differences between the
relaxed queues become difficult to discern. This was found to be the case for all
the benchmarks. At high thread counts, there is no increase in performance for
sparse200M but rather a decrease. As in the previous graphs, LCRQ performs
worse than FAAAQ at high thread counts. We can also see that LCRQ outperforms
FAAAQ at some thread levels in the randomly generated graphs to an extent that
was not visible before. However, this is not visible in cagel5 and in fact not the
other non-generated graph audikw_ 1, see Figure A.8 a). In order to explain this,
the work has to be investigated.

In Figures 4.13 b) and 4.14 b) the work done by the different data structures are
shown. As a reminder, work is defined as the number of successful CAS operations.
Here we can see that in general the work done is not directly comparable to the path
lengths yielded in the previous benchmarks. In some of the graphs, for example
sparse200M, we can see that FAAAQ has lower work until a certain point where
it is comparable to the relaxed queues. In the case of cagelb, FAAAQ surpasses
the relaxed queues in work starting at low thread counts. This would also be seen
in audikw_ 1, see Figure A.8 b), if not for the extreme increase in work for 2-RA
LCRQ at 256 threads.

Moreover, we can observe that LCRQ in general has the lowest amount of work
but it seems to increase substantially at 256 threads for all of the tested graphs.
The differences in work between LCRQ and FAAAQ are believed to be the cause
of the superior performance of LCRQ at some thread counts. As in the case when
we allowed errors, we would expect 2-RA FAAAQ with 20 partial queues to waste
less work due to relaxation than its counterpart with 80 partial queues. This seems
to be the case at low thread levels and in sparse200M but the opposite is true in
cagelb. In general, considering all tested graphs, it seems to in general waste less
work than its counterpart with 80 partial queues.

Furthermore, we can observe the differences in the work relative to the baseline. For
the randomly generated graphs, there is a considerable amount of wasted work. In
the case of sparse200M, the work done is over 300% larger than the baseline. For
the other randomly generated graphs, see Figures A.9 b) and A.10 b), we can see
the same phenomenon, even though the difference is somewhat smaller. However, in
the case of the preexisting graphs, the difference in work compared to the baseline is
insignificant compared to that of the randomly generated graphs. This is reminiscent
of the previously examined path lengths but to a more noticeable extent. We believe
this explains the differences in the performance of LCR(Q), where there was only a
noticeable performance increase in the randomly generated graphs as opposed to the
case of the preexisting graphs, where the difference in work is relatively insignificant.
This means that in some graphs, wasted work does not seem to substantially affect
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the runtime of the bfs-algorithm. This is further supported by the differences in
runtime between when errors are allowed and not. For cagelb at 256 threads the
algorithm where errors are allowed is roughly 10 milliseconds faster on average than
that when work can be wasted. Considering that the elapsed time is around 0.2
seconds this is a small difference. In contrast, for sparse200M, this difference is over
200 milliseconds, when the runtime is on average around 30 milliseconds for when
errors are allowed. The stark difference can probably be explained by our method
of graph generation.

During further investigation, it was found that in the randomly generated graphs,
the differences in shortest paths for the different nodes were extremely small in
comparison to the non-generated graphs. We suspect that this might lead to more
feasible paths that could be taken to a node erroneously due to scheduling and
relaxation.
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Figure 4.13: The elapsed time and total work, in relation to the baseline, of the
different data structures on cagel5 during unordered BFS.
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Figure 4.14: The elapsed time and total work of the different data structures on
sparse200M during unordered BFS.

50



4. Results and Discussion

4.3 General Discussion

With the previous results, a general discussion about them can be had and the
research questions can be answered.

4.3.1 Feasibility of Different Partial Queues

As previously seen, d-RA LCRQ generally has worse performance than d-RA FAAAQ.
It is entirely possible that increased performance is to be had but in many regards
LCRQ is a queue that is not well adapted to being used in a distributed setting. First
of all, extensive modifications had to be done in order for it to function as intended.
Secondly, the arguably biggest advantage of the queue, its proficiency for cache lo-
cality, is almost entirely eliminated when using the queue in this manner. On the
other hand, FAAAQ is in our opinion more adapted for this purpose as we view the
cyclic behavior of LCRQ as an unnecessary complication when used in a distributed
manner. Furthermore, the implementation of the d-RA LCRQ is more complex than
that of the other versions of d-RA, see Table 4.1. Important to mention however
is that the number of lines of code can not be regarded as optimal as preprocessor
directives have been extensively used for different functionalities which will increase
the total lines of code. Moreover, the used hazard pointer implementation is not
counted as it is not intrinsic to the data structures and other implementations can
be used.

4.3.2 Feasibility of Relaxed Queues

From our results, the assumption can be made that relaxed FIFO queues can be
regarded as generally superior to concurrent queues in throughput at high thread
counts. However, this is not always the case as seen in Figure A.11, where a producer-
consumer benchmark is run with one producer and a varying number of consumers.
In this benchmark, the relaxed FIFO queues perform poorly and even the Michael-
Scott queue achieves stronger performance. Furthermore as shown in [1], setting a
wait between operations can substantially affect contention and thereby the perfor-
mance of a relaxed data structure.

Algorithm Lines of Code
d-RA (without partial queues) 188
d-RA Michael-Scott 331
d-RA FAAAQ 364
d-RA LCRQ 490

Table 4.1: The total number of lines of code, excluding comments and blank spaces,
of the different versions of d-RA.
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4.3.3 Sources of Error

One might highlight the different reclamation rates of hazard pointers as a source
for error but even if memory reclamation was eliminated, the Michael-Scott-based
d-RA had substantially weaker performance. Furthermore, the fact that this could
be regarded as a possible source of error further highlights the superiority of the
faster partial queues as through their design, memory reclamation is a less frequent
occurrence.

Furthermore, as different systems for handling memory were used for the Bag and the
2Dd-queue compared to the distributed queues, one could question the validity of the
comparison. Still, considering the substantial performance differences we deem that
this is very unlikely to affect the results in a meaningful manner. Moreover, it would
be possible to substantially increase the throughput measurements of the 2Dd-queue
substantially by increasing the relaxation bound. However, that would make the
comparison to other data structures difficult due to the higher relaxation. We expect
that in the sequential alternating benchmark without any prefill it would be able to
maintain low relaxation with a substantially higher throughput due to its ability to
work thread locally. Still, the decision was made to use the same parameters for all
the benchmarks for simplicity. In general, optimizations of different parameters such
as segment size, and number of partial queues have not been done for the different
data structures.

It is also important to discuss the relaxation measurements. One could argue that
the lower number of elements used for the relaxation benchmarks might undermine
the results. As previously discussed, we have found one such possible example, in
the case of 1-RA LCRQ in the sequential alternating benchmark with 0% prefill.
However, we very much regard that measurement as an outlier, and the 1-RA algo-
rithms are only used for comparisons but in theory, other data structures could be
impacted in a similar manner. For example, memory reclamation might not occur
for the Michael-Scott queue. However, we deem that it would be unlikely that the
lack of such a process would impact the queue in a negative manner. Secondly,
when comparing the relaxation results of the Michael-Scott d-RA with [1], they are
relatively similar, although they did not use any sequential alternating benchmarks.
All in all, we deem that it is very unlikely that our method of measuring relaxation
would have any substantial impact on our conclusions.

As the duration of the benchmarking suite is substantial, some results have been
gathered at different points in time. It is possible that some results therefore
were benchmarked during different configurations of the computer that was used
for benchmarking. Some variance between different runs has also been noted in
both the evaluation of the queues and in the BFS. In the case of the evaluation
of the queues, this might impact the relative ordering of data structures that are
relatively close in performance but it does not affect our conclusions in regard to our
research questions due to the strong performance of the FAAAQ and LCRQ-based
d-RA. Furthermore, due to the number of benchmarks, we deem that this effect on
a systematic level is relatively negligible. In the case of BFS, this effect was more
noticeable, where sometimes the execution of the test program was considerably
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faster or slower for all data structures. This was handled by benchmarking all data
structures together so that if any such effect appears, it affects all tested data struc-
tures. This does not eliminate this phenomenon but it makes it small enough to
not affect our general conclusions. We believe all of this might be caused by issues
related to either Scal itself or the configuration of it on the benchmarking computer.

4.3.4 Research Questions
RQ 1: How does the d-RA algorithm scale with faster partial queues?

From the results gathered the performance of the faster partial queues seem to
translate to the d-RA algorithm. The fetch-and-add-based partial queues outper-
form the Michael-Scott d-RA in every benchmark in throughput. In fact, the queues
outperform all state-of-the-art implementations tested except the bag.

RQ 2: How does a progress-based heuristic affect the d-RA algorithm?

The progress-based heuristic generally outperforms the length-based heuristic in
both throughput and relaxation. It seems to have a larger relaxation distance when-
ever the partial queues are relatively empty but as soon as the queues are generally
non-empty, the progress-based heuristic is far superior. Furthermore, it was shown
that it was possible to limit this relaxation by decreasing the number of partial
queues while still maintaining strong performance. Furthermore, we deem that the
progress-based heuristic is necessary for the use of the novel distributed queues
considering their measured relaxation in some benchmarks.

RQ) 3: Is unordered breadth-first search a feasible application for a relaxed FIFO
queue?

It was found that for relatively sparse graphs that the costs of relaxation do not
outweigh the performance increases of a relaxed data structure in unordered BF'S.
Therefore, we believe that relaxed FIFO queues can in specific circumstances be
used for unordered BFS. However, we expect that if substantial work is done to
a node, in between the search operations, the possible performance increases will
diminish as contention is lowered. Furthermore, it is not apparent that the FAAAQ
and the LCRQ are the most suited concurrent queues to use in this comparison as
there may be faster queues for this type of benchmark, especially considering the
differences between LCRQ and FAAAQ in work. Therefore, we can not answer this
question definitely but we regard the results with cautious optimism.
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Conclusion

During this thesis, an improved version of the d-RA algorithm [1] was created. It
was found that the data structure scales well with fetch-and-add-based queues. This
is especially true with many threads where Michael-Scott d-RA is shown to scale
poorly due to contention.

Furthermore, a novel heuristic was introduced that generally increased performance
and decreased relaxation. These results were particularly apparent for the FAA-
based queues, where relaxation scales with contention with the length-based heuris-
tic while it is much more limited with the progress-based one. Furthermore, the novel
queues with the progress-based heuristic outperformed state-of-the-art implementa-
tions with an increase in throughput to the original d-RA, which at times exceeds
400%. At the same time, relaxation was considerably lower whenever the queues
were relatively filled and could be decreased to comparable levels to the Michael-
Scott d-RA by limiting the number of partial queues while still outperforming it in
throughput.

Additionally, a possible application was found for relaxed FIFO queues in unordered
BFS, where the relaxed queues substantially outperformed concurrent queues in
sparse graphs at higher thread counts.

5.1 Future Work

As mentioned, fetch-and-add-based queues can perform poorly whenever there are
few enqueuers and many dequeuers. Therefore, it would be interesting to use a
queue like [16], which does not have this same shortcoming, as a partial queue. In
fact, it is reminiscent of the FAAAQ but with the difference that it is wait-free,
meaning there are guarantees concerning the progress of individual threads.

Another interesting area where potential improvements could be made is to optimize
d-RA to utilize cache locality. One could do this by assigning certain threads to
specific partial queues in some scenarios, reminiscent of how the 2Dd-queue works.
One would expect that this would increase relaxation but the question is if this could
improve performance to the extent that any extra relaxation could be mitigated
through a decrease in the number of partial queues.

Moreover, one could investigate if it would be possible to change the used heuristic
at runtime. As previously seen, the progress-based heuristic can not be regarded
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as superior to the length-based one, at least not relaxation-wise, when the data
structure is relatively empty. Therefore an idea would be to use the length-based
heuristic until the data structure has a set number of elements. However, it is
possible that the different heuristics will not synergize well and lead to an increase
in relaxation and a decrease in performance. In same manner it could be interesting
to experiment with the number of partial queues used during runtime. One could
attempt to modify the d-RA algorithm to only use a subset of the total partial queues
if contention is low. One idea is to use the number of failed dequeue-attempts for the
partial queues as a heuristic for this. If a threshold is reached, the number of partial
queues used increase or decrease. This could potentially lead to lower relaxation
without a substantial impact on performance. The idea of being able to change the
nature of the relaxation at runtime has been studied previously in the context of
the 2D-queue [36].

Additionally, one could experiment with the fetch-and-add-based partial queues to
see if it would be possible to track only successful operations done to them. At
present an operation can change an index multiple times even through failures. Rec-
tifying this would enable the partial queues to be used to bound the relaxation and
make it possible to use them in [20]. However, by doing this we anticipate a substan-
tial performance decrease as this would most likely mean an increase in contention
through some new needed shared state.

Furthermore, it would be interesting to see a mathematical analysis of the novel
progress-based heuristic in a similar manner as in [29], where the expected relaxation
was analyzed. We anticipate however that this will be a complicated proof to write.

Further research can be made in regards to unordered BF'S and relaxed FIFO queues.
It would be interesting if our results could be verified and to further study the
relationship between wasted work and relaxation. As mentioned, it is not clear that
the queues compared against are the best suited for unordered BFS, it would be
interesting to compare the performance of the relaxed queues to that of a framework
such as Galois [37], that was used in [7] to implement a parallel BFS. Also, an
investigation could be done to see how a relaxed FIFO queue would perform in other
BFS-related algorithms where the unordered behavior would be acceptable. Further
work could also be done to evaluate the performance of relaxed FIFO queues on
substantially denser graphs than those that were tested in this thesis.

Finally, more potential applications for relaxed FIFO queues could be investigated.
For example, it might be possible to use d-RA in a web server to handle requests.
There are two identified potential problems with this approach. First of all, there
would need to be substantial contention for this approach to be feasible and it is
questionable if the latency accompanied with this would be reasonable. Secondly,
as d-RA has no bounds when it comes to relaxation, it would be possible for some
requests to not be served. Perhaps, one could implement a timer to guarantee
that all requests are served within a certain time span. Once the timer runs out,
a new list of partial queues could be initiated. Enqueuers would begin work on
the new partial queues, while dequeuers continue on the old ones until they have
been emptied. Once the old partial queues are empty, it is guaranteed that all
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requests made before the timer ran out have been completed. Otherwise, it might
be possible to use an established relaxed queue where there are guarantees in regards
to relaxation such as the 2Dd-queue.
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Appendix 1

A.1 Complete graphs

The following graphs are the complete versions of those presented in the Results
section. They are included in the appendix as they do not show sufficient detail for
the main text.
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Figure A.1: Relaxation results of the producer-consumer benchmark. Lower is bet-
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A.2 Supplementary graphs

Here graphs are presented that were not deemed essential enough to include in the
text.
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Figure A.7: The elapsed time and average path length of the different data structures
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Figure A.9: The elapsed time and total work of the different data structures on
sparsel0M during unordered BF'S.
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Elapsed time (Seconds) vs Number of Threads
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Figure A.10: The elapsed time and total work of the different data structures on
sparsebOM during unordered BF'S.
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Throughput vs Number of Threads (Producers=1 Consumers=N-1)
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Figure A.11: Throughput of producer-consumer benchmark with one producer and
a varying number of consumers. Higher is better.
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