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Abstract

This thesis presents Puppetmaster, a hardware accelerator for transactional workloads.
Existing software and hardware frameworks for transactional memory and online
transaction processing are not able to scale to hundreds or thousands of cores unless
the rate of conflicts between transactions is very low. Puppetmaster aims to improve
upon the scalability of concurrency control by requiring transactions to declare their
read and write sets in advance and uses this information to only run transactions
concurrently when they are known not to conflict. In this thesis, I present and evaluate
the design of Puppetmaster in a high-level model, in cycle-accurate simulations, and
on real reconfigurable hardware.
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Chapter 1

Introduction

Moore’s Law, first formulated by Gordon Moore in 1965, predicted that the number
of transistors per processor would double about every two years. This held until the
early 2000s and enabled the processing power of chips to grow accordingly [24]. After
this growth slowed down, attention turned to parallel and distributed computing for
further speedups.

The primary challenge of shared-memory parallel computing is the interference
of threads of execution with each other. When multiple threads run simultaneously,
their operations can interleave in unpredictable orders and yield incorrect results, as
detailed in Section 2.1. It is possible to mitigate this problem by grouping operations
(reads and writes to memory, potentially with some computation in between) into
larger units that are executed atomically. These units are known as transactions,
and an architecture with support for atomic execution of transactions is known as
transactional memory [18].

Transactional memory (TM) implementations exist in software for many program-
ming languages [8, 17, 19, 28, 45| but incur a significant overhead due to the book-
keeping involved in operating on transactions. This overhead can be reduced by
implementing TM in hardware, but commercial implementations have been slow to
materialize. AMD proposed a set of ISA extensions in 2009 that added support for
TM, but this has not been implemented in any released processors [2]. Intel im-

plemented TM under the name Transactional Synchronization Extensions (T'SX) in
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Haswell processors in 2013 and in all later generations up to Whiskey Lake in 2018,
but these were all disabled due to bugs in the implementations, and later Intel CPUs
don’t support this feature at all [14, 22, 30, 42]. ARM added TM features to their
instruction set in 2019, with no processors implementing it yet [26]. IBM’s Blue
Gene/Q supercomputers, released in 2012, included support for transactional mem-
ory [15], as did the POWERS processor implementing the eponymous instruction set,
released in 2014 [23].

Puppetmaster is a hardware accelerator implementing TM semantics. It is able to
assist processing cores, the puppets (either forming part of the CPU or custom hard-
ware), in executing a potentially infinite stream of unordered transactions with read
and write sets declared in advance. Puppetmaster is able to extract high parallelism,
scaling to hundreds of cores, from suitable workloads where individual transactions
are as short as a few hundred CPU cycles (measured on a commodity processor).

Previous work has focused either on ordered parallelism, where transactions must
be executed in a strict order to preserve correctness, or unordered parallelism with
massive transactions that allow for relatively slow scheduling processes. Puppetmaster
targets workloads without ordering constraints where transactions only perform a
moderate amount of computation, such that the scheduling algorithm needs to be
very efficient and run directly on purpose-built hardware. Puppetmaster could be
employed in database servers or other systems which receive concurrent requests from

millions of clients every second.
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Chapter 2

Background

2.1 Detecting Conflicts in Concurrent Programs

A central topic of this thesis is the detection of conflicts between transactions or,
more generally, threads of execution. But how do these conflicts arise, and why do
we want to avoid them? This section describes some examples of such conflicts, also
known as data races, and existing detection methods.

A classical example of a possible conflict is that of two threads trying to transfer
money between accounts in a banking program. Let’s assume that two threads exe-
cute Algorithm 2.1 concurrently, both transferring 50 units of money. One possible
interleaving of operations is that Thread 1 executes line 2, but before it can reach
line 3, Thread 2 executes lines 2-3 (finally, Thread 1 also reaches line 3). In this
case, account; will end up having only 50 less money instead of 100 less, as intended!
This is because the decrease operation on lines 2-3 is not atomic (even if written on
a single line), i.e. another concurrent thread can execute operations in between.

1: function TRANSFER(account;, accounty, amount)

2 balance; <— account; . GETBALANCE()

3 account; . SETBALANCE(balance; — amount)
4: balancey <— accounty. GETBALANCE()
)
6:

acce.SETBALANCE(balance; + amount)
end function

Algorithm 2.1: Transfer money between two bank accounts.
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There are multiple ways to solve these kinds of issues. One of them is using locks
to “protect” shared resources. Only one thread is allowed to hold a given lock; all
other threads trying to acquire that same lock are forced to wait or try again later. In
this example, a lock could be acquired before manipulating any of the accounts — to
prevent another thread from executing instructions in between the GETBALANCE and
SETBALANCE operations — and released after the thread is done with that account.
However, using a single lock to protect all accounts dramatically reduces the amount
of parallelism that can be achieved. This issue can be solved by using separate locks
to protect every account — this is called fine-grained locking — but managing a
large amount of locks can consume additional resources. Operations to acquire and
release locks also add overhead to the system, even if no other threads are running.
An alternative to locks is the use of atomic operations. However, such operations
require architectural support. In addition, lock-free data structures using atomics are

notoriously hard to implement correctly.

Transactional memory (TM), and transactions in general, aim to solve these prob-
lems by introducing a different programming paradigm. Instead of writing traditional,
serial programs that can be run on multiple threads, programmers can describe the
tasks that need to be performed as transactions that are guaranteed to not interfere
with each other. Here, “interference” means that one transaction attempts to read
or modify an object that has already been modified by another transaction that is
still running. An object is a region of arbitrary size in memory (the sizes supported
depend on the implementation). The objects read and modified by a transaction
comprise the transaction’s read and write sets, respectively. If an object is both read
and modified, it is only considered part of the write set; therefore, an object will never

occur in both the read and write sets of a transaction.

For example, Algorithm 2.1 could be rewritten as two transactions, one that de-
creases the balance of account; and another one that increases the balance of accounts.
If multiple transactions tried to modify the balance of the same account concurrently,
only one of them would be allowed to proceed. The enforcement of such guarantees

is the responsibility of the runtime system, either at the software or the hardware

18



level. While most modern languages have some level of support for software transac-
tions, these implementations are only able to run long-running, computation-intensive
transactions efficiently. For shorter transactions, they need hardware support, which
is what Puppetmaster provides.

Typical hardware TM (HTM) implementations use optimistic concurrency control
(OCC). This means that they let transactions start running as if they were regular
code, but they track the read and write sets of each transaction. If a transaction
performs a memory operation on the same object as another running transaction,
and at least one of the two operations is a store/write, one of the two transactions is
aborted. The main advantage of this approach is that nonconflicting transactions can
proceed as if they were running “regular” code. However, when transactions perform
writes and then are aborted, those modifications need to be rolled back. Alternatively,
writes performed by transactions can be held back from being propagated to memory
until the transactions successfully complete, but in that case there needs to be a
separate commit phase that updates the memory contents. In addition, aborted
transactions need to be restarted, so OCC works best for low-contention workloads,
where there are relatively few conflicts.

This is the area where Puppetmaster aims to improve upon these HT'M implemen-
tations. If transactions’ read and write sets are computed in advance instead of being
detected dynamically, it becomes possible to only run those transactions concurrently
that are known to have no conflicts with each other. If this advance computation of
conflicts can be done fast enough, higher throughput can be achieved than with OCC

in high-contention workloads.

2.2 Synthetic Transactional Workloads

The in-advance conflict-detection approach described in Section 2.1 comes with a
caveat: the read and write sets of transactions must be computed before they are
allowed to execute. While such precomputation is not always possible, at least without

significant changes to the code of the transactions themselves, we can find common
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Type Reads | Writes | Weight | Time (ns)
GET 1 0 1.00 75
SET 0 1 1.00 75
TRANSFER 0 2 0.50 300

Table 2-1: Transactions in the key-value-store workload.

Type | Reads | Writes | Weight | Time (ns)
FETCH 5t 1 1.00 550
Post 0 2 0.10 700

Table 2-2: Transactions in the messaging-server workload.

tasks where this is the case. Two example workloads used throughout this thesis
are a key-value store (simple database) and a messaging server (for a channel-based
multiuser platform). The key-value store has smaller transactions than the messaging
server, so given similar distributions of object “popularity,” we can expect the former
to have lower contention than the latter.

As shown in Table 2-1, there are three types of transactions in the key-value-store
workload. GET reads and returns the value of a single object, SET writes a single
object, and TRANSFER decreases the value of one object by a certain amount, while
increasing the value of another object by the same amount (it has no read objects,
because those are already in the write set, which allows reading the objects too). The
frequency of transfer operations was set to half of the others, since presumably it is
less frequently used.

In the messaging-server workload, each user follows a fixed number of channels
(or threads) from which it can retrieve messages. Users can also post messages to any
channel. These operations correspond to the two tasks shown in Table 2-2. Figure 2-1
shows how the two transactions interact with the data. However, since neither of the
transactions knows in advance all objects it will access, they need to be implemented
as two transactions each in practice. The PREPAREFETCH and PREPAREPOST trans-
actions read the values necessary to determine which other objects will be accessed.
The EXECUTEFETCH and EXECTEPOST transactions check that the retrieved values
haven’t changed and execute the actual operation. If the values were changed, they

relaunch the “prepare phase” of the corresponding type.
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Last read in followed channels Messages in channel 2

User A [C(A1)C(A2)C(A3)C(A4) Message 1 ‘Time(1)§ User(1) Text(1) ‘
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User C |C(A1)C(A2)C(A3)C(A4) &, Message X |Time(X) User(X) | Text(X)
User D |C(A1)/C(A2)C(A3)C(A4) A\ 4 ReadMessauge Y |Time(Y) User(Y) Text(Y)
: : 0 Message Z
D Fetch task : :
Last sent ?‘;6 User: C ' '
Channel 1] Msg(1) Q‘sz@ Messages in channel 6
Channel 2| Msg(2) ¥ [T Message 1 ‘Time(1)§ User(1)  Text(1) ‘
Channel 3 | Msg(3) Post task , T
Channel 4 | Msg(4) Channel: 6 Message X [Time(X) User(X)  Text(X)
Channel 5 Msg(5) Read Time Message Y [Time(Y) User(Y) Text(Y)
Channel 6 | Msg(6) Write gser WriteMessage
: : ext .

Figure 2-1: Data structures and tasks in the messaging-server workload

In order to measure the execution times of transactions in both workloads, I imple-
mented them in Legion [31, 33]. Legion is a software-based transactional framework
with semantics similar to Puppetmaster (read and write sets declared in advance)
described in Section 2.4 in more detail. Since the original Legion implementation
incurs significant overhead to ensure correctness when executing on multiple threads,
I created a single-threaded implementation that does no concurrency control [32]. I
measured the average running time of each type of transaction on a commodity pro-
cessor (2.6 GHz 9th-generation Intel i7). The results are shown in Tables 2-1 and 2-2.
The running time for the FETCH transactions was determined by combining the run-
ning times of the PREPAREFETCH and EXECUTEFETCH transactions (similarly for
PosT). When performing measurements in simulations of Puppetmaster, the FETCH

and POST transactions were treated as single transactions for simplicity.

2.3 Online Transaction Processing

Online transaction processing (OLTP) systems need to be able to handle many short
transactions concurrently. Typical examples are databases handling online orders

and text messages, like the workloads in Section 2.2. Modern, commercial multi-
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threaded databases can spend a third or more of the execution time of transactions
on concurrency control (latching and locking) [16]. This can be even higher for logless
or memory-resident databases that eschew logging and buffer management, respec-
tively [16] (or both). In addition, currently used concurrency-control schemes are not
able to scale to hundreds or thousands of processing cores, as demonstrated both in

simulations [44] and on real multisocket hardware [3].

Although it has been demonstrated that certain well-implemented two-phase lock-
ing schemes are able to scale up to several hundred cores [4], a solution for high-
contention workloads remains elusive. Puppetmaster aims to tackle this issue. Unlike
many other concurrency-control schemes, Puppetmaster needs to know the read and
write sets of a transaction before executing it. This requirement makes it impractical
for some workloads, but such a strategy can yield very high throughput at the ex-
pense of somewhat higher latency. This was demonstrated in a study of deterministic
databases which also require all objects affected by a transaction to be known in

advance [38].

The two most commonly used benchmarks to measure OLTP database perfor-
mance are TPC-C [41], published by the Transaction Processing Performance Coun-
cil, and YCSB [9], the Yahoo! Cloud Serving Benchmark. TPC-C models an order-
fulfillment system with multiple warehouses, customers, and items. It has “New
Order” transactions — the only type found in all implementations of the benchmark,
thus typically used for direct comparison — along with “Payment,” “Order Status,”
“Delivery,” and “Stock Level” transactions. YCSB has “Insert,” “Update,” “Read,”
and “Scan” transactions. The DBx1000 database engine implements the “New Or-
der” and “Payment” transactions for TPC-C and the “Update,” “Read,” and “Scan”
transactions for YCSB, as well as a suite of different concurrency-control algorithms.
I extended DBx1000 to support offloading the concurrency control to hardware [36]
and used this extended version to evaluate the performance of Puppetmaster relative

to several software-based concurrency-control mechanisms.

22



2.4 Previous Work

Swarm [20] is an architecture that exploits ordered parallelism. It employs speculative
execution, as the objects touched by each transaction (task) are not known in advance
but are discovered as they are accessed. Transactions can also spawn other transac-
tions. These “child transactions” are executed speculatively but are aborted if their
parent transactions are aborted. This means that transactions need to keep track
of their children, so there is a limit on the number of child transactions that can be
spawned. Transactions are committed based on each transaction’s global timestamp

via infrequent communication with an arbiter unit.

Chronos [1] is an architecture that also exploits ordered parallelism speculatively.
Chronos transactions can spawn new transactions; however, a transaction can only
have a single read-write object (memory address) associated with it, known in ad-
vance. Having one object permits assigning transactions to processing units based on
which objects they access. The authors demonstrate that this approach is equivalent
to having transactions with unbounded read and write sets, since such transactions

can be broken up into many single-object operations with subsequent timestamps.

Legion [5] is a parallel-programming framework with a hierarchical system of mem-
ory regions. Each transaction, starting with the top-level one, can spawn child trans-
actions that can access a subset of the regions assigned to its parent, with equivalent
or weaker permissions. Regions accessed by transactions need to be declared in ad-
vance. The software-based scheduling algorithm of Legion is fully distributed —
each processing unit determines the destinations of the transactions spawned there
— and takes into account heterogeneous systems with varying memory bandwidth

and processor speed.

StarSs [37]| is a parallel-programming model that allows declaring transactions
that depend on each other. The transactions are functions with parameters marked
as inputs and /or outputs, which allows the framework to dynamically discover depen-
dencies between them and execute independent transactions in parallel. StarSs has

been integrated into OpenMP [10], a standard framework for parallel programming,
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under the name OmpSs [13]. StarSs/OmpSs are supported by multiple hardware
accelerators |11, 12, 27, 29, 40, 43|.

ROCoCoTM [25] offloads the validation phase of an optimistic concurrency-control
algorithm to FPGAs. In ROCoCoTM, transactions are executed on the CPU, and
their read and write sets are forwarded to the FPGA. The FPGA performs valida-
tion of transactions by implementing a reachability-based conflict-detection algorithm
(ROCoCo). The read and write sets are represented in the form of Bloom filters (ap-
proximate bit vectors). Conflict detection for read-only transactions is performed on
the CPU itself while they are running, and these transactions are committed imme-

diately if not aborted.
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Chapter 3

Transaction Scheduling in Hardware

Puppetmaster is a hardware-based transaction scheduler for unordered transactions.
It sits between the processing units and the rest of the system. The processing
units (puppets) can be general-purpose CPU cores or custom hardware capable of
executing the kinds of transactions used by the workload. The input to the system is
a stream of transactions from an external source (e.g. network). For each transaction,

Puppetmaster receives the following information:

e Transaction ID: a unique identifier for the transaction.
e Read set: the set of objects read by the transaction.

e Write set: the set of objects written by the transaction.

As output, Puppetmaster produces IDs of transactions that are ready to start
executing. These transactions are said to be scheduled. Puppetmaster guarantees that
scheduled transactions don’t conflict with any of the currently running transactions
or each other. Conflict between two transactions is defined as an overlap between
the write set of one transaction and the read or write set of the other. Puppetmaster
can also signal that a transaction failed when some hardware resource (e.g. queue)
associated with conflict resolution has been exhausted. In this case, it is the client’s
responsibility to restart the transaction. We expect that, usually, such transactions

will be restarted automatically by the software sending transactions to Puppetmaster.

25



Transaction 1 N\ Transaction 1 N\

RS: {0x7FF4A2, 0x7TFFB&1} | — RS: {0xA2, 0x81}—

WS: 0 WS: 0

Transaction 2 Transaction 2

RS: @ — .. —{RS: 0 — &

WS: {0x5B5840} = WS: {0x40} = Transactions 1 & 2 & 3
g ’8 — RS: {0xA2, 0x81, 0x3D

Transaction 3 Cqé Transaction 3 §) WS: {0x40, Ox41}

RS: {0x7FF13D} — — RS: {0x3D} —

WS: {0x5CA340} WS: {0x41}

Transaction 4 Transaction 4

RS: {0x5FAE22, 0x46FFIF } (—>| — RS: {0x22, 0x9F } —

WS: {0x7FF13D} —/ | Ws: {0x3D} —/

Figure 3-1: Datapaths for transactions through Puppetmaster

Scheduled transactions can be executed on any puppet that becomes available;
this permits smart placement policies that minimize data movement between caches
(see Chapter 6). The current implementation naively executes transactions on the
first available puppets. The path of transactions through the system is summarized
in Fig. 3-1.

Puppetmaster is aimed at workloads with transactions that take a few hundred to
a few thousand clock cycles (0.1-1 microseconds) on a commodity processor. Given
that reconfigurable hardware (FPGAs) available for implementation of the system has
clock speeds at least an order of magnitude slower than commodity processors, there
are only tens of cycles available in total for scheduling one transaction for each puppet.
In order to achieve this speed, it is necessary both to be able to determine conflicts
between any two transactions in at most tens of cycles, explored in Section 3.1, and
to be able to schedule a number of transactions comparable to the number of puppets

in the system, explored in Section 3.2.

3.1 Fast Comparisons via Object Renaming

A crucial step in the scheduling process is the detection of conflicts, which entails

comparing the write sets of the two transactions with each other and the read set

26



Input
buffer

Request distributors

Transaction 1
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Transaction 2
RS: O
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Transaction 3
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Transaction 1
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Transaction 3
RS: {0x3D}
WS: {0x41}

Transaction 4
RS: {0x22, 0x9F'}
WS: {0x3D}

Figure 3-2: Renamer architecture, with objects currently being renamed underlined
and requests/responses sent bolded

of one transaction with the write set of the other (in both directions). There is a
conflict when any of the three set pairs have nonempty intersection. Of course, the
three comparisons can be done in parallel, but parallelizing the intersection operation
itself is more challenging. Elements can be compared pairwise if the sets are sorted.
Implementing sorting efficiently in hardware is very complex and still quite slow,
but encoding sets as bit vectors works just as well. In these vectors, the n-th bit is
set if the value n is in the set. This allows for very fast set intersection and union
operations, which just correspond to bitwise AND and OR, respectively, and operate

on all elements of the set (all bits) in parallel.

However, operating on large bit vectors is still quite expensive in terms of area and
latency (critical path length). At the same time, it is wasteful to use bit vectors that
allow for storing memory addresses directly — for a 32-bit address space, this would
result in vectors that are over 4 billion bits long! At any given time, assuming a small,
finite bound on the sizes of read and write sets, there are many fewer addresses being
used in the system. Therefore, we can save plenty of gates by using much smaller
bit vectors and keeping track of which internal “index” or name corresponds to which

real address.
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To this end, Puppetmaster contains a renaming subunit, which maps memory
addresses to object names. At a high level, the renaming unit takes each incoming
transaction and performs the following steps for each object in the transaction’s read

and write sets:

1. Look up memory address in internal mapping table.
2. If the address already has an internal name associated with it, return that name.

3. Otherwise, create a new name candidate for the address, and look it up in the
mapping table.

4. If there is no existing memory address associated with this name, return it,
otherwise repeat the previous step.

5. If there are no more possible name candidates, signal that the transaction has
failed.

Name candidates can be generated using a hashing scheme. A simple but effective
scheme, which I implemented, is taking the lowest-order %k bits of the address for the
first candidate — where k£ depends on the size of the internal names, which is a tunable
parameter of the system — and adding one each time to generate new candidates.
(In practice, since memory addresses are usually word-aligned, the first 2-3 bits are
not included in the generated hash value to reduce collisions.)

In order to allow for renaming objects in multiple transactions in parallel, the
renaming subunit includes multiple renaming modules, as shown in Fig. 3-2. To
reduce pressure on the RAM block containing the renaming table (mappings between
memory addresses and internal names), it is split into several shards. Each of the n
shards is responsible for 1/n of the address space, and objects are assigned to them
using an additional hash function, which currently selects the lowest-order bits of
the address above the ones used by the hash functions inside the shards, but more
sophisticated versions are possible. The parallel renaming units are connected to all

shards via a crossbar.
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3.2 Scheduling via Tournaments

As described in the introduction to this chapter, Puppetmaster must schedule about
the same number of transactions as there are puppets. This throughput can be
achieved through the use of tournaments, a reduction-tree-like structure that com-
putes conflicts among pairs of transactions, shown in Fig. 3-3.

One tournament consists of multiple rounds. In each round, transactions are
compared pairwise. If the two transactions in a pair are determined to be compatible,
their read and write sets are merged, and they behave as a single, larger transaction
in further rounds. (Such transactions keep track which original transactions they
were created from.) Otherwise, only one of the transactions (the first one according
to the initial order in the current implementation) progresses to the next round. If
there are an odd number of transactions, the pairless one proceeds to the next round
automatically.

The compatibility of two transactions is determined by computing the intersec-
tions of the read set of the first transaction with the write set of the second, the
write set of the first with the read set of the second, and the write set of the first
with the write set of the second. If these are all empty, the transactions are compat-
ible. The intersections are computed using bitwise AND operations on the bit-vector
representations of the sets.

After [logn| rounds, where n is the initial number of transactions, there will
only be a single transaction left and the tournament ends. If this transaction was
created from the merger of multiple original transactions, those are all compatible
with each other by construction. In order to avoid conflicts with running transactions,
those are merged into a single transaction before the start of the tournament and are
used as the highest-priority transaction. (The exact location of the highest-priority
transaction depends on the implementation. With the conflict-resolution strategy
described above, this is the first slot.) The set of transactions contained in the last
remaining (merged) transaction, less the set of running transactions, is returned by

Puppetmaster.
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RS: 0
WS: {0x40}

Compatible?

Transactions 1 & 2
RS: {0xA2, 0x81}
WS: {0x40}

Transactions 1 & 2 & 3
RS: {0xA2, 0x81, 0x3D}
WS: {0x40, 0x41}

Transaction 3 NO,
RS: {0x3D} —
WS: {0x41} Merge Yes

Transaction 4
RS: {0x22, 0x9F }
WS: {0x3D}

1

———

@)
Yes
( Compatible?\,
0
Transaction 3
RS: {0x3D}
WS: {0x41}

Compatible?

Figure 3-3: Tournament scheduling with paths for selected transactions bolded
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Chapter 4

Evaluation

I evaluated the performance of Puppetmaster on two groups of benchmarks: the key-
value-store and messaging-server workloads presented in Section 2.2 and the industry-
standard OLTP benchmarks presented in Section 2.3, TPC-C and YCSB. The archi-
tecture described in Chapter 3 was evaluated at three different levels of abstraction:
in a high-level model of the system written in Python, in cycle-accurate simulations of

synthesizable Verilog, and on a commercial reconfigurable hardware device or FPGA.

4.1 Experimental Setup

4.1.1 Input Generation

Input transactions for the key-value-store and the messaging-server workloads were
generated using a custom Python script, part of the high-level simulator [35]. The
script can generate transactions for either of the workloads in Section 2.2, but con-
figuring custom ones is also possible by specifying the types of transactions to be
generated, including the sizes of their read and write sets and their relative fre-
quency. The script allows specifying the memory size, i.e. the number of objects
that can be referenced by the transactions. This influences the frequency of conflicts
between transactions: the smaller the memory, the fewer total addresses there are

available and the more likely it is for two transactions to access the same address.
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The workloads targeted by Puppetmaster realistically have between 2'¢ = 65, 536 and
22 = 16,777,216 objects.

The script also allows specifying the probability distribution of picking the objects
(their “popularity”) by means of the parameter for a Zipfian distribution, where a
parameter of 0 results in the uniform distribution and a parameter of 1 results in a
distribution where the rank of an object is inversely correlated with its frequency. The
larger this parameter is, the more frequent conflicts between transactions become.

Input transactions for TPC-C and YCSB were generated using DBx1000 [36].

4.1.2 High-Level Model

The high-level Python model of Puppetmaster approximates the behavior of the phys-
ical system using estimates of the running time of the scheduling algorithm and the
execution time of transactions. The running time of the scheduling algorithm is cal-
culated by multiplying the number of steps (corresponding to clock cycles) taken by
the scheduler by the clock period, a parameter to the model. The values shown in
Tables 2-1 and 2-2 were used as execution times. The OLTP benchmarks were not
modeled.

The model implements the tournament-based algorithm described in Section 3.2.
For comparison, it also features an algorithm that returns the largest subset of com-
patible transactions. However, this algorithm has exponential time complexity in the
number of transactions considered, therefore, for most measurements a linear-time
greedy algorithm was used instead, which performs nearly as well as the maximal
algorithm. The greedy scheduling algorithm considers transactions one at a time
and selects them if they are compatible with already selected transactions. This al-
gorithm is assumed to complete scheduling in a single step (clock cycle), while the
tournament-scheduling algorithm takes a variable amount of steps, just like in real
hardware, depending on the number of transactions considered (the “pool size”) and
the number of comparator units available, which are both configurable parameters.
The maximum number of transactions waiting to be executed or the “queue size” can

also be adjusted.
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The pool size influences the area of the hardware substantially in addition to the
scheduling time. Values of up to 128 were evaluated, which is about the upper bound
of what can be implemented in practice. Increasing the queue size allows the scheduler
to be run repeatedly while waiting for the puppets to finish executing, and in real
hardware it helps hide communication latency between the CPU and the custom logic.
The queue can be implemented with a simple FIFO, so it can be much larger that
the scheduling pool, but a queue size of 128 is enough for the configurations tested.

The model can represent read and write sets as unbounded hash tables that cannot
be efficiently implemented in hardware, but it can also emulate more realistic fixed-
size sets based on bit vectors. It can model approximate sets (similar to Bloom filters
[6]) that have a bit set for each value based on a hash function (implemented as
modulus) or a more sophisticated construction that uses a global renaming table, as
described in Section 3.1. The size (number of bits) of these latter sets can be adjusted
via a parameter; set sizes up to 2'° were tested, which is about the largest that can
be reasonably fit on commercial FPGAs with all the necessary logic to manipulate

them.

4.1.3 Hardware Implementation

The synthesizable implementation of Puppetmaster follows the design described in
Chapter 3. I wrote it in Bluespec SystemVerilog 34|, which compiles to plain Verilog
and can be used to build cycle-accurate simulations using Verilator [39] as well as
bitstreams for reconfigurable hardware (FPGA). The Connectal [21] toolkit was used
to connect the hardware to programs (written in C++) running on the CPU. For
the purposes of running the key-value-store and messaging-server workloads, puppets
that simply wait a preset number of clock cycles (depending on transaction type)
were added to the hardware design.

As described in Section 2.3, database engines generally spend at least a third
of the execution time dealing with concurrency control, and even more under high
contention. With a fast enough hardware-based scheduler, it is thus possible to reduce

the time spent on each transaction significantly. I adapted the DBx1000 database
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implementation to use an external concurrency-control mechanism and connected it
to Puppetmaster. Transactions, instead of waiting for locks held by other threads
then executing, are sent to Puppetmaster. Since it would have been challenging to
implement puppets capable of executing database transactions directly in hardware,
transactions that are ready to run are sent back to the main processor and executed

there.

4.2 Results

For the key-value-store and messaging-server benchmarks, the parallelism was mea-
sured using the high-level simulator. In Verilator simulations of the hardware as well
as runs on the actual FPGA, transaction throughput was measured. The parallelism
is the total execution time of transactions, when run serially, divided by the actual
running time of the system. It is equal to the average number of transactions running
simultaneously. Parallelism was computed for steady state, so excluding the initial
warm-up (when the internal queues are being filled) and final taper-off (when there
are no more transactions left) phases, which approximates the parallelism for an in-
finite stream of transactions. The throughput in transactions per second (TPS) can
be calculated by dividing the number of transactions by the running time or, alterna-
tively, by dividing the parallelism by the average execution time of transactions. In

Verilator simulations, the latency distribution of transactions was also measured.

4.2.1 Key-Value Store and Messaging Server

The maximum achievable parallelism in the key-value-store and messaging-server
workloads can be measured in the high-level simulator using the greedy scheduling
algorithm, unbounded sets, and the largest reasonable parameter for pool size (128).
Under low contention (2?* addresses), this parallelism is over 2000 for both work-
loads when a “zero-period” clock is used, i.e. scheduled transactions are immediately
available. More realistic clock periods are 8/16/32 ns. When using these, parallelism

decreases to 1500/900/500, respectively, for the key-value store but stays over 2000
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for the messaging server. With the same parameters, the tournament scheduler is
able to extract parallelisms of 350/180/150 for the key-value store and 1300/650,/400

for the messaging server.

Using 1024-bit fixed-size sets with a global renaming table yields similar results
to those with the idealized set for the key-value store but decreases parallelism to
180/150/120 for the messaging server. Using approximate sets decreases the paral-
lelism to 110/60/50 for the key-value store and 110/90/50 for the messaging server.
Under higher contention, with an address space size of 2!, the theoretical maximum
parallelism (calculated using a zero-period clock) with the greedy algorithm decreases
to 1150 for the messaging server, but the tournament scheduler is able to achieve sim-

ilar performance as under lower contention.

When the object distribution is Zipfian with a parameter of 0.5 and the memory
size is 224, the tournament scheduler performs just as well for both workloads as when
the distribution is uniform. When the memory size is 2!6, parallelism decreases by 10-
15%. For very skewed object distributions with a Zipf parameter of 1, the performance
of the tournament scheduler degrades significantly, yielding parallelisms of less than
30 and 15 for the key-value-store and messaging-server workloads, respectively, with

224

a memory size of 224, and less than 15 and 8 with a memory size of 2'6. However, for

this distribution, even using unbounded sets or the greedy algorithm does not help.

Reducing the pool size limits the parallelism that can be achieved by the tourna-
ment scheduler. In most cases this means that the pool size needs to be at least half
the desired parallelism. In cases of particularly low contention, the pool size can be a
quarter or even less of the desired parallelism. Reducing the size of the set represen-
tations similarly limits the parallelism that can be achieved by limiting the maximum
number of objects in flight (objects in all renamed transactions that haven’t finished
yet).

In Verilator simulation, Puppetmaster achieves a throughput of 3.3 million TPS
for both workloads when using a clock period of 8 ns and uniform object distribution.
This is much lower than the predicted throughput of around 2 billion TPS for these

workloads due to the fact that the hardware spends much of the time waiting for the
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transactions to be transferred from the software to the hardware. The median latency
of transactions in both workloads is 140-150 cycles or 1.1-1.2 us. 95% of transactions
had latencies under 250 cycles or 2 us. The key-value-store and messaging-server
workloads were not tested on a physical FPGA, since all processing takes place in
the custom hardware of Puppetmaster, so the results are expected to be the same as

those from the Verilator simulation.

4.2.2 OLTP Benchmarks

The OLTP benchmarks TPC-C and YCSB were only evaluated with the synthesized
hardware design, since the high-level model assumes that all processing takes place in-
side Puppetmaster and does not account for the additional latency between the FPGA
and the CPU when executing transactions. Moreover, the transactions generated by

DBx1000 are not compatible with the model.

TPC-C and YCSB achieve a throughput of 5.3 million TPS in the Verilator sim-
ulation assuming a clock period of 5 ns, corresponding to the FPGA is running at
200 MHz, which is the highest frequency at which the design has been successfully
synthesized. However, this value was calculated in the time frame of the hardware,
which is not accurate, because the Verilator simulation runs much slower than real

hardware, so database transactions appear much faster.

To get accurate throughput measurements, the OLTP benchmarks were run on
Amazon EC2 F1 instances with 2.3 GHz Intel Xeon E5-2686 v4 processors connected
to Xilinx Virtex UltraScale+ VU9P FPGAs. However, the throughput was much
lower than expected and much lower than with software-only concurrency control.
Based on timing data from the FPGA, the renaming and scheduling time of transac-
tions is very similar to those measured in the simulation, as expected, but additional

delays are present before transactions are renamed.
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4.3 Discussion

As can be seen from the results, the tournament-scheduler algorithm is able to scale
to several hundred cores in the best case and more than a hundred cores even in
less optimal cases. When the object distribution is very skewed, the algorithm’s
performance decreases significantly, but even more optimal algorithms can’t do better.
These results hold as long as the pool size is chosen to be at least half the target
parallelism and renaming-based bounded sets are used with a size in accordance with
the expected number of objects in flight.

The key-value-store workload, which has much smaller transactions, allows for
smaller parallelism in the best case, but its performance degrades significantly less
with increased object contention (smaller memory size and skewed object distribution)
than that of the messaging-server workload.

The hardware implementation of Puppetmaster doesn’t perform as well as in mod-
els. The causes of this need to be investigated in future work. The most likely culprits
are delays introduced by limitations in the connection between the software and the

hardware side.
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Chapter 5

Proof of Correctness

No system, however fast, is useful without also being correct. As mentioned in the in-
troduction, Chapter 1, commercial hardware TM implementations have been plagued
by correctness issues. Therefore, it is crucial to be able to confirm the correctness of
the design of Puppetmaster. 1 verified the design in the Coq theorem prover.

The design is represented as a transition system with a state comprising five sets
of transactions: Queued (added to the system, no action taken yet), Renamed, Sched-

uled, Running, and Finished. The state transitions in the system are the following:

1. Add: a new transaction is added to Queued.
2. A transaction is moved from Queued to Renamed.

3. A group of transactions of any size is selected from Renamed, and the compat-
ible transactions get moved to Scheduled, as determined by the tournament-

scheduling algorithm described in Section 3.2.
4. Start: a transaction in Scheduled is moved to Running.

5. Finish: a transaction in Running is moved to Finished.

Executions in this transition system generate traces where transitions 2 and 3,
renaming and scheduling, are silent, but transitions 1, 4, and 5 correspond to the

actions “Add,” “Start,” and “Finish.” The actual process of renaming objects is not
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currently modeled; transition 2 leaves the object names/addresses inside transactions
intact.

The main theorem states that any trace generated by this transition system can
also be generated by the specification of the system, starting from an initial state
where all sets are empty. The specification is another transition system with a state
comprising three sets: Queued, Running, and Finished. It has the following transi-

tions and associated actions:

1. Add: a new transaction is added to Queued.

2. Start: a transaction in Queued that is compatible with all transactions already

in Running is moved to Running.

3. Finish: a transaction in Running is moved to finished.

The main theorem can be proved with the help of an invariant of the implementa-
tion’s transition system. The invariant is a property about the state that holds after
every transition if it also held before the transition. For Puppetmaster, the invariant
asserts that all transactions in Scheduled are compatible with each other, all transac-
tions in Running are compatible with each other, and every transaction in Scheduled
is compatible with all transactions in Running.

In addition to the invariant, the proofs also use a simulation relation. This relation
establishes which implementation and specification states correspond to each other.
For Puppetmaster, an implementation state corresponds to a specification state if the
implementation state’s Queued, Renamed, and Scheduled sets together contain the
same transactions as the specification state’s Queued set (and there are no duplicates),
and the Running and Finished sets of the implementation state are equal to the
Running and Finished sets of the specification state, respectively.

Using the implementation state invariant, we can prove a refinement lemma. This
lemma states that for every implementation trace there is a corresponding specifica-
tion trace where the initial and final states of the implementation and the initial and
final states of the specification are related to each other by the simulation relation.

The main theorem follows directly from this lemma.
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The proof of the refinement lemma uses structural induction over the implemen-
tation traces. The cases for transitions 1, 2, 4, and 5 are simple to prove, but proving
transition 3, the scheduling process, requires a couple of auxiliary lemmas. These state
that the tournament-scheduling algorithm always returns the first input transaction
as one of the outputs, that every round of scheduling halves the number of (possibly
merged) transactions in the scheduler, and that the final, merged transaction was

created from transactions that are compatible with each other.
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Chapter 6

Conclusions and Future Work

The work in this thesis demonstrates that Puppetmaster, a transaction scheduler
implemented in hardware, can scale to hundreds of processing cores when all objects
affected by transactions are known in advance.

Further work is necessary to confirm whether the predictions from models can be
achieved in practice. It also remains to be seen whether larger instances of Puppet-
master that can only fit on FPGAs larger than the ones available now can achieve
better performance. Optimizing the hardware design, including pipelining long com-
binational paths, could yield further speedups. Utilizing an FPGA closely integrated
with the CPU, as presented by Morais et al. [29], could reduce latency significantly.

Possible improvements in the formal methodology used to verify the correctness
of the design include a more realistic renaming procedure. The current model simply
leaves object addresses as-is, and implementing the renaming table used in the hard-
ware design would allow for higher confidence in the correctness of the design. Going
even further, the hardware design could be implemented in Koika [7] or a similar

language where formal reasoning is possible directly over the compiled design.
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