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Abstract
This report describes an implementation of a distributed
software transactional memory (DSTM) system in PLT
Scheme. The system is built using PLT Scheme’s Unit
construct to encapsulate the various concerns of the system, and allow for multiple communication layer backends.
The front-end API exposes true parallel processing to PLT
Scheme programmers, as well as cluster-based computing
using a shared namespace for transactional variables. The
ramiﬁcations of the availability of such a system are considered in the novel context of highly dynamic robot swarm
programming scenarios. In robotics programming scenarios,
diﬀiculty with expressing complex distributed computing
patterns often supersedes raw performance in importance.
In fact, for many applications the data to be shared among
networked peers is relatively small in size, but the manner in which data sharing is expressed leads to tremendous
ineﬀiciencies both at development time and runtime. In
an eﬀort to maintain focus on behavior speciﬁcation, we reduce the emphasis on messaging protocols typically found in
distributed robotics software, while providing even greater
ﬂexibility in terms of how data is mixed and matched as it
moves over the network.

1.

Introduction

Several well-studied methods for eﬀectively distributing
the execution of a program over multiple processors have
emerged in response to the diﬀiculties faced by programmers tasked with harnessing such execution platforms. A
minimally invasive way to exploit a heterogeneous computing environment is to provide support for remote procedure
calls (RPC). This approach has the beneﬁt of potentially
requiring only minimal changes to the surface of a program.
RPC systems are valued for their ability to keep underlying
inter-processor communications abstract from the point of
view of the high-level program, thus providing the smooth
integration of computing capabilities that are unavailable to
the local processor. But when computing resources are not
completely orthogonal, that is, the local, calling processor
could be doing something useful while a remote processor
generates a value, the RPC abstraction can be unsatisfying
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due to missed opportunities for concurrent execution. Put
simply, RPC enables easily distributed serial execution.
Concurrent execution, on the other hand, brings with it
sweeping implications for the semantics of distributed programs along with the desired more eﬀicient use of available
computing resources. Speciﬁcally, the original program must
be modiﬁed in both control ﬂow speciﬁcation and data access restrictions. In order to avoid leaving a calling processor idle, certain actions analogous to function calls must be
asynchronous on some level. That is, the callee need not ﬁnish its work before the caller is allowed to proceed. However
asynchronous invocation suggest a dual mechanism designed
to handle asynchronous returns. This now requires the implementation of handler functions whose ultimate place in
the global execution order is not deducible from lexical inspection. To further muddy the waters, the fact that multiple parts of a program are executing simultaneously suggests
that no assumption of the data dependency propositions implied by a program’s text are safe. For example, Algorithm
1 may no longer be trivially reduced to y ⇐ 1 if x refers to
a shared memory location.
Algorithm 1 A Seemingly Innocent Sequence
1: x ⇐ 1
2: y ⇐ x
1.1

Message Passing

One approach to eliminating data dependency ambiguities is
adherence to a message passing style design. Such a design,
perhaps best exempliﬁed by Erlang [1] and its ideological oﬀspring Termite Scheme [7], makes communication between
pieces of serially executed code explicit by diﬀerentiating
potentially remote communication from the common function call. Instead of being an almost transparent retroﬁt of
standard procedural code as with RPC, the actions of sending and receiving messages are given distinct syntax and sole
governorship over the interactions between bits of program
code that may otherwise execute fully asynchronously. This
separation of messages from function calls may, as in Erlang, be used to isolate serial execution from unintended interference from concurrently executing program code while
providing a scaﬀolding centered around messaging protocols
for distributed applications to be built upon.
While structuring programs whose identity is intrinsically distributed around the protocols that deﬁne their distribution is a productive endeavour, it can be an ill ﬁt when
the distributed nature of the program is secondary to serial
algorithm complexity. In such cases, forcing a communication protocol front and center in the program code can actually hide more natural structuring techniques based around

algorithmic manipulation of abstract values. Another type
of situation in which explicit message passing design techniques may fall short is when connectivity between concurrent processes is highly dynamic. In such cases, it may be
desirable to abstract complexity at the message passing level
from core application-level code. While this is certainly possible to express in a message passing framework, it becomes
less clear that message passing should be explicit at all when
it is best thought of as an implementation detail.
1.2

Software Transactional Memory

Software Transactional Memory (STM) [17] is a technique
for rationalizing shared memory usage in concurrent systems. Beginning with an assumption of atomicity of stores
and loads of individual memory locations, composition of
memory accessing operations has typically been eﬀected by
function abstraction. In this approach, compound memory
mutations – in which multiple addresses are read or written
– are implemented as sequential operations and often hidden
behind the simpler interface of a single function call. However the era of multiprocessor machines has rendered this
abstraction technique virtually useless in cases where multiple threads may be accessing overlapping memory segments.
STM systems directly address this problem by providing a
new abstraction speciﬁcally for compositional memory access patterns.
An STM runtime is responsible for providing transactional semantics to programmer-annotated regions of program code. This means that all operations within a particular transaction are seen by all concurrent processes as either
all happening at once, or not happening at all. While this desired atomicity may be achieved by manual usage of locks to
ensure mutual exclusion, an STM provides the programmer
with a much simpler interface that allows for greater composability and modularity [8]. Consider a manual locking
scheme governing access to two shared memory addresses
identiﬁed by variables a1 and a2. These variables may each
be equipped with a lock, say lock1 and lock2, respectively,
that is to be acquired before a variable may be accessed. In
order to write a program built on such a foundation, each
function must ensure that all necessary locks are acquired
before any side eﬀects become visible to other processes,
should not acquire more locks than necessary in order to
retain all potential concurrency, must ensure that locks are
freed in error conditions, and must abide by some agreedupon lock acquisition ordering policy in order to prevent
deadlock with processes with overlapping locking requirements [12].
In some ways, the visibility of a manual locking scheme
in concurrent programs is similar to the visibility of a message passing scheme in a distributed program: both expose
an underlying implementation detail at many levels of abstraction. In the case of manual locks, composition of two
properly synchronized operations is burdened by the need
for the composite operation to wrap itself in a union of the
locking requirements of the component operations. The locking requirements are never properly abstracted.

2. DSTM in PLT Scheme
Expanding upon the example of a function that manipulates two shared locations, consider a function that transfers money between two bank accounts whose balances are
stored in boxes, a1 and a2, shared across multiple processes.
This function randomly selects one account to have money
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withdrawn from it and deposited in the other account after
some amount of time has passed (to simulate other work).
(define (transfer-unsafe)
(let-values
(((src sink) (if (= (random 2) 0)
(values a1 a2)
(values a2 a1))))
(let ((amt (random (unbox src))))
(set-box! src (− (unbox src) amt))
(sleep (/ (random 1000) 1000.0))
(set-box! sink (+ (unbox sink) amt)))))
Such a function has a social contract that it must obey
that is not captured by low-level memory access semantics.
First, no more can be transferred from the src account to
the sink account than src’s initial balance (i.e. negative
balances are not allowed). Second, no concurrent process
should see a state where money has apparently disappeared
from the system due to it being in-ﬂight from src to sink.
Note that the ﬁrst constraint may be violated if src’s balance is reduced by a concurrent process after amt is chosen,
while the second is violated by any process operating in the
time between the two set-box! calls. Both of these concerns are addressed by the Distributed Software Transactional Memory (DSTM) system, here implemented in PLT
Scheme [5] due to its robust macro facilities and elegant
threading model.
The DSTM system provides several features accessible
through a few simple operations,
• make-tvar makes a new transactional variable
• set-tvar! sets the value of a transactional variable
• get-tvar gets the value of a transactional variable
• atomically wraps a block in a composable transaction

If the variables a1 and a2 now refer to transactional
variables, then the function may be rewritten as,
(define (transfer-safe)
(atomically
(let-values
(((src sink) (if (= (random 2) 0)
(values a1 a2)
(values a2 a1))))
(let ((amt (random (get-tvar src))))
(set-tvar! src (− (get-tvar src) amt))
(sleep (/ (random 1000) 1000.0))
(set-tvar! sink
(+ (get-tvar sink) amt))))))
In addition to the core STM features, transactional variables are deﬁned in a distributed shared memory space
across participating peers. The above program thus demonstrates transactional manipulation of variables eﬀiciently
replicated over an abstract communication layer. The key
features of this program are:
(a) Mutual exclusion is composable and ﬂexible, requiring
no resource identiﬁcation by the initiator of the transactional behavior.
(b) The protocols of inter-process communication are completely abstract from algorithm speciﬁcation yet optimized to package composite updates together and integrate both push and pull dissemination strategies to
most eﬀectively utilize communication resources.
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(a)

Figure 1. DSTM Architecture
2.1

Implementation Overview

The presented programming model involves the programmer
annotating regions of program code that refer to shared variables whose access semantics are to be atomic. That is, any
sequence of loads and stores may be treated as occurring
free of the eﬀects of any concurrent process. There is but a
single annotation, atomically, and annotated regions may
nest both lexically and dynamically. As a further assurance
of proper usage, variables to be shared must be created using make-tvar, and may only be accessed by set-tvar! and
get-tvar, which only function when called within the dynamic scope of an atomically block. The implementation
of this system rests upon several layers of underlying functionality, shown with dependencies indicated in Figure 1.
Each layer provides abstract features which enable the layer
above.
The system, as described, is implemented as a composition of Units [15]. The Units mechanism provides a way to
create modules parameterized by their dependencies. This
is an improvement over the traditional syntactic require
mechanism (import in some other languages) because the
parameterization becomes part of the runtime object itself,
rather than a dependency that is resolved by the compiler
before any code is run. The crucial beneﬁts of the Units
mechanism to the DSTM implementation are the fact that
dependencies are not coded into modules, thus elevating conﬁguration to a ﬁrst-class operation, and that they provide a
clean way to share state in a controlled manner. As an example, message passing functionality is deﬁned with a few
primitive operations,
#lang scheme/signature
start
wait-for-peer-discovery add-new-peer-handler
fork ! ?
This message-passingˆ Signature speciﬁes that a message passing Unit should support basic peer discovery hooks,
the ability to fork new peers, and mechanisms for asynchronously sending or synchronously receiving a message,
! and ?, respectively. The beneﬁt to keeping the message
passing layer this abstract is that diﬀerent messaging implementations may be swapped in without changing the modules that depend on that functionality. The current implementation includes a message passing layer that uses UDP
multicast for peer discovery and TCP for packet transfer
between peers, as well as another implementation deﬁned
entirely on top of Unix-style port operations for situations
where network sockets are unavailable.
In order to allow for an expandable number of network consuming protocols, a management layer is wrapped
around the low-level message passing interface. This layer is
parameterized by the protocol implementations that make
use of messaging capabilities, which are themselves parameterized by the underlying message passing functionality.
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(b)

(c)

Figure 2. Lock ownership over time. (a) Initially, node 1
creates the lock and retains ownership, a fact known by every
node that is aware of the lock. (b) When node 2 requests
the lock, node 1 sets its parent pointer to node 2. (c) When
node 3 requests the lock, it contacts node 1 who forwards
the request to node 2. Node 1 uses this incident to update
its parent pointer. Node 2 updates its parent pointer when
ownership of the lock is transferred to node 3.
The management layer requires a list of Units exporting the
protocol-handlerˆ signature,
#lang scheme/signature
handle-msg initial-state discovery-handler
each of which is parameterized by a minimal messaging
interface,
#lang scheme/signature
! ? my-node-id
which the management layer provides. The high-level DSTM
system is built atop a composition of a Distributed Shared
Memory (DSM) system, and associated messaging protocol,
and a Distributed Locks system and protocol.
2.2

Distributed Shared Memory

The DSM implementation is not very complex because of the
way functionality is expressed in a highly modular fashion.
The facilities it exposes to the DSTM system are limited
to a basic memory interface deﬁned in the dsm-interfaceˆ
signature,
#lang scheme/signature
dsm-store dsm-load dsm-snapshot
dsm-invalidate dsm-push dsm-pull
that speciﬁes interfaces to, in order, replicate a write operation across all connected peers (remember that the DSM
system takes as a parameter an active message passing mechanism), load a value, obtain a snapshot of memory contents,
invalidate a particular memory location on a list of selected
peers, push a write operation to a list of recipients, and pull
a new value from an identiﬁed peer. The concrete representation of the DSM state is a functional hash table mapping
memory locations to tuples of values and validity bits. The
hash table state is passed to the DSM protocol implementation’s handle-msg function each time a DSM-related message arrives, with the state object returned by handle-msg
retained by the protocol manager for subsequent invocations.
2.3

Distributed Locks

Distributed mutual exclusion is implemented using a treebased token passing algorithm due to Raymond [16]. In this
algorithm, each node retains a reference to its parent in
a spanning tree associated with each lock. When a node
wishes to acquire a lock, it sends the request to its parent.
When a node receives a request, it can grant the request if
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it was holding the lock without retaining exclusive access
for itself (that is to say, each lock is always held by some
node whether or not any node is in the critical section
associated with that lock), it can forward the request to
its own parent if it is not the root of the tree, it can create
a deferred link to the requester if it was already waiting for
the speciﬁed lock itself, or it can forward the request over an
existing deferred link. In this way, each acquisition request is
delegated to a node’s parent, and requests for a lock queue
up as they percolate around the tree. The tree structure
itself is dynamically updated by having each node update
its parent pointer when forwarding a request up the tree. A
key feature of this algorithm is that it allows for sub-groups
within the network to form around a locally-contended lock.
The changing shape of the lock spanning tree is illustrated in Figure 2. In this example, a lock is initialized by
node N1 . When nodes N2 − N4 learn of this lock, either
during a peer discovery synchronization or on-demand resource discovery, each maintains a record of this ownership
information. If N2 wishes to acquire the lock, it sends this
request along its parent pointer to N1 who may grant access to the lock. At this point, N1 updates its own parent
pointer, which previously was a self-loop, to point to N2 . In
the example, N3 is the next to request the lock, and it sends
this request to its parent, N1 , who forwards the request to
its parent, N2 , and updates its own parent pointer with
this new information.
A great beneﬁt of this lock acquisition mechanism is the
locality of agreement needed for ensuring mutual exclusion.
In token ring schemes, by way of comparison, a lock token
is passed among every peer in a network. If a node is not
waiting to enter a critical section guarded by the lock, it
simply passes the token along to the next in line. While this
round robin schedule of mutual exclusion can be eﬀicient
when nodes are equally likely to be waiting for the lock, it is
very ineﬀicient when there is more structure in the patterns
of lock acquisition. The tree lock mechanism, on the other
hand, is more adaptable to asymmetric access patterns: lock
tokens are passed among those trees closest to the root of
the lock’s spanning tree, while nodes that seldom acquire the
lock are pushed to the leaves, and rarely, if ever, consulted.
The speciﬁc algorithm used to ensure mutual exclusion is
abstract to the DSTM system itself, which simply imports
the lock-interfaceˆ signature,
#lang scheme/signature
create-lock acquire release try-acquire?
thus leaving the door open to application conﬁgurations that
rely on alternate distributed lock implementations, such as
the aforementioned token ring scheme.
2.4

DSTM

The STM and its interface are heavily inspired by the
Haskell implementation of STM present in GHC [8]. It is
implemented here as a composition of the distributed computing components, the distributed lock mechanism, and
the distributed shared memory system. A nice characteristic of this breakdown is that the locking system does not
address memory stores or loads, the DSM system cares not
of locks, and neither is dependent on any particular interprocess communication mechanism. When a transaction begins, a DSM snapshot is obtained and a transaction log is
started. When a transaction wishes to commit, the necessary
distributed locks over all nested transactional scopes are acquired in a speciﬁc order or the transaction is aborted. Once
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the locks are acquired, the transaction log is compared to
the current state of the DSM and committed if viable. If a
conﬂict is detected, the log is thrown away, and the transaction is re-started. Finally, the snapshot mechanism allows
for Multiversion Concurrency Control (MVCC), so called
due to the fact that multiple versions of the data store may
be live concurrently. This model has as beneﬁts that read
operations do not block because they are guaranteed a consistent world view, and that concurrent execution proceeds
optimistically, unhindered by the possibility of long running
operations holding locks for their duration.

3. DSTM Applied to Concurrent Robotics
Modern robot software design often mimics a robot’s modular hardware construction by building applications from
asynchronously executing software modules [2, 6, 19], inspired by early work on process calculi such as CSP [11]
and the π-calculus [13], as well as the Actor model of concurrent systems [9, 10, 18]. These methods of isolating concurrent processes from each other obviate concerns about
shared mutable state, make potential processor boundaries
more explicit via message passing operations, and, arguably,
make concurrency design ﬁrst class by promoting the notion
of concurrent execution to a level where it is more clearly
represented in the syntax of the program.
Such approaches to software design have pushed the ﬁeld
of multi-robot collaboration forward, yet have seen less uptake in the ﬁeld of robot swarms. Robot swarm design involves harnessing the capabilities of groups of hundreds or
thousands of agents to accomplish some task. In such systems, it is impossible to manually customize behaviors for
each agent, so more automated approaches to behavioral differentiation are needed. Some approaches involve behaviors
that naturally mutate as they spread across a population
in such a way that a desired collective eﬀect is achieved
[14], while others involve reactive formulations that allow
environmental inputs to guide structured behavior [4]. The
latter approach, where structure emerges in response to
the environment may be augmented by locally imperative
behaviors at varying scales [3]. This ability may be intuitively understood as small coalitions of agents joining together to execute a coordinated action within the larger
context of swarming behaviors. The most critical requirement for the expression of this capability is that spontaneous
small to medium scale coordination be possible without being crushed under the scaling burden implied by enormous
swarm populations.
3.1

Connectivity by Need

The ability to safely update shared estimates of various
quantities, such as position, velocity, and appearance, reduces programmer burden for tasks like cooperative target
tracking. When a robot observes some features of an identiﬁed target, it transactionally updates the estimates of those
feature values shared by all connected robots. The ability
to atomically reference and update every possible combination of shared data without explicit consideration for locks
or message types is powerful, but the underlying information dissemination mechanism can not entirely sacriﬁce efﬁciency for convenience. In practice, capturing the connectivity of the network of behavioral modules becomes the
meta-programming of a multi-robot system.
An alternative to separate speciﬁcation of processing and
connectivity is to make connectivity an implicit side eﬀect
of behavior. This approach has the advantage that it lessens
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the tension between procedure design and connectivity speciﬁcation that can exist in Actor-centric designs. The strategy presented here allows for both push and pull data sharing
mechanisms to coexist, with situationally appropriate handoﬀ between the two modes of operation. When, for example, two nodes are each repeatedly updating a shared value,
the system should push updates generated by each to the
other. However, when an agent has neither read nor written
a shared location in some time, it is wasteful to push updates to it. Instead, such an agent should pull in fresh data
when it next tries to read from the shared memory location.
As a lock is transferred between nodes, one can maintain
an updated list of “interested parties” for a given datum.
The current DSTM implementation manages this information as an ordered list, referred to as a push-list, of the most
recent owners of the lock associated with a shared memory
location. When a node reads a locally invalidated memory
location or acquires a lock, it refreshes its local cache and
adds itself to the head of the push-list. At this time, the
node also cuts oﬀ the tail of the list at the position where
it last inserted itself, and sends DSM invalidation messages
to all aﬀected nodes, who must then initiate a pull the next
time they read from that location. The function for managing the push-list associated with a DSTM datum is shown
below, with the minor addition that a node already at the
head of a push-list will not drop the entire push-list, but
rather leave it as is.
(define (update push-list my-id)
(if (or (null? push-list)
(= my-id (car push-list)))
(values push-list '())
(let-values
(((a b) (break (λ(x) (= my-id x))
push-list)))
(values (cons my-id a)
(if (null? b) b (cdr b))))))

4.

Discussion and Future Work

The DSTM system presented here allows for very speciﬁc
compound data structure deﬁnitions and transfer protocols
that require no speciﬁc programmer eﬀort to establish. Instead, synchronization and communication protocols are a
direct consequence of behavior speciﬁcation: if a behavior
depends on multiple values, then those values are safely
bundled together for that behavior. The DSTM system is
currently being used for simulations of scalable behaviors
for mobile robots, but is also intended to serve as an operational model for a forthcoming security system in which
the targets move, but the sensors do not. In such a system,
one again ﬁnds diﬀerent groups of sensors associated with a
given shared datum as time advances. This can be dealt with
by explicit target track ownership handoﬀs between sensor
nodes, or implicitly and automatically by a DSTM system.
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