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Abstract 
Although voice and data transmission over power-lines is not a recent technology, the use of this medium to support 
time-constrained communications is still a subject of research. In the scope of an European R&D project (REMPLI - 
Real-time Energy Management via Powerlines and Internet) a new communication architecture was proposed, based on 
a two-level hierarchic system (medium-voltage and low-voltage). In order to support the required network previsibility 
and efficiency requirements, one of the project partners developed a new embedded architecture based on the 
Hyperstone’s processor HyNet32XS interfacing with a power-line chipset (DLC-2C). The uClinux operating system 
was ported for this architecture to support the development of the new software architecture. Due to the architecture 
characteristics and the (multi)master/slave behaviour of the medium access layer, new packet routing and scheduling 
protocols – fundamental for the correct functioning of the network – were specified. In this context, the main objective 
of this dissertation is to study the timing behaviour of this architecture, focusing in the behaviour of the routing and 
scheduling protocols.Particularly important is the validation of the timing behaviour of these new protocols. 

Keywords: Real-time networks, embedded systems, embedded Linux, power-line communications. 

 



3.2. Software platform

Figure 3.1: REMPLI Bridge prototype.

The modem board holds the DLC-2C/CA chipset, a high-performance narrow band communi-
cation controller MCM (Multi Carrier Modulation) and power line chipset provided by iAd GmbH.
This chipset consists of one analog and one digital chip, and includes an interface to the hyNet 32XS
processor, as illustrated in Figure 3.2.

The DLC-2C digital chip consists of a 16-bit digital signal processor, digital filters, synchroniza-
tion unit, automatic gain control, de/encoder and also an interface to the hyNet 32XS. The DLC-2CA
analog chip performs the adaptation to the communications medium, carrying out the Digital-to-
Analog and Analog-to-Digital conversions. This chipset allows communications via high, medium
and low-voltage lines, under heavy-disturbance conditions, in the frequency range from 9 to 490 kHz,
with data rates from 9.6 to 576 kbps. OFDM is the modulation scheme for data transmission and
Forward Error Correction (FEC) is used to reduce the effects of noise affected media. This chipset is
compatible to standards EN 50065 (CENELEC) [44] and IEC 61000-3 [45].

3.2 Software platform

3.2.1 Operating system

The complexities associated with the requirements of each type of REMPLI device discards the possi-
bility of one single monolithic application to carry all the operations of the device, thus it is necessary
the employment of an operating system to manage each device. The described architecture runs an
operating system from the UNIX family, which brings valuable advantages, as the UNIX API is well-
known and extensively documented, an important factor that eases the development and maintenance
of stable software.

The system kernel is a uClinux port to the hyNet 32XS, a derivative of Linux kernel intended for
microcontrollers without Memory Management Unit [46], already ported to several microprocessor
architectures. This kernel port offers the standard Linux multitasking environment, so multiple appli-
cations can execute concurrently. Additionally, this kernel allows multithreading, which is of enor-
mous use for the development of complex applications that have to deal with multiple asynchronous
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Chapter 3. Embedded platform

Figure 3.2: DLC-2C/CA and hyNet 32XS integration (courtesy iAd GmbH).

inputs. The development of device drivers follows the standard Linux device driver documentation
[47].

3.2.2 Programming tools

Access to operating system services is provided by uClibc, a small C standard library intended for
embedded systems [48] which was also ported to the hyNet 32XS architecture. uClibc has a different
set of goals than a native library – like glibc – has. As an example, glibc attempts to be compliant
with most standards, to be available on most of the operating systems and architectures, and strives for
Application Binary Interface (ABI) compatibility, which results in a very large sized library. Taking a
different perspective, uClibc attempts to provide the maximum possible functionality in the smallest
amount of space. uClibc was focused since the design phase to be a C library for embedded Linux, so
many optimization was possible as many of the glibc features were not necessary. Furthermore, uClibc
permits the selection of supported features, so it is possible to generate a tailor-made configuration for
a specific application, at the cost of different ABI for different configurations.

A toolchain including the GNU C-Compiler (gcc), the GNU debugger (gdb) and the GNU binutils
has been ported by Hyperstone AG for the hyNet 32XS, to build the Linux kernel and applications
[49]. The toolchain is available for desktop Linux, so the Linux kernel and applications are built by
cross-compilation. Building the kernel or an application requires the traditional sequence of opera-
tions/tools depicted in Figure 3.3, where uClibc is linked only to applications.

3.2.3 Kernel space / User Space

Implementing the totality of the complex REMPLI communication protocol stack in the kernel of
the operating system would be too cumbersome, disabling the full use of capabilities which are only
available in user space processes. However, building protocols as user space processes must not impair
the responsiveness of the communication. Therefore, the REMPLI protocol stack is distributed over
the kernel space and the user space [50]:

• for responsiveness issues, the Network Layer (NL) is implemented in the kernel,
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3.2. Software platform

Figure 3.3: Application build sequence of operations (courtesy iAd GmbH).

• to cope with the functional requirements associated complexities, the Transport Layer and the
Application Drivers Demultiplexer/Multiplexer (DeMux) are implemented as user space pro-
cesses.

The Network Layer is implemented as two Linux device drivers inside the kernel: one for Master
Network Layer and another for Slave Network Layer. These device drivers provide services to ex-
change data over the PLC network and device control as well. The Access Point kernel includes only
the Master NL device driver, and the Node kernel includes only the Slave NL device driver. Since the
bridge holds one Master and one Slave communication devices, its kernel includes both Master NL
and Slave NL device drivers.

The other REMPLI communication stack layers are implemented as user space processes, taking
profit from the services offered to applications by the kernel, such as multitasking, multithreading and
Interprocess Communication mechanisms.
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Chapter 4

REMPLI Transport Layer

The REMPLI Transport Layer is built by four main modules: RCI Manager (RCIM), Network Layer
Interface (NLI), Queue Manager (QM) and Transport Route Manager (TRM). These four modules
are interconnected, as presented in Figure 4.1.

The RCI Manager module distributes messages between the Queue Manager / Transport Route
Manager and the Applications themselves using the REMPLI Communication Interface.

In the opposite side of the Transport Layer, the Network Layer Interface module distributes mes-
sages between the Queue Manager/Transport Route Manager and the Network Layer, performing
parameter conversion when needed.

The Queue Manager module manages all the packet data information. Tasks like queue generation,
disposal, fragmentation and transport system header processing are done at this module. This module
also multiplexes requests from the Applications and Transport Route Manager to the Network Layer
Interface data transmission services.

The Transport Route Manager module handles not only the scheduling tasks but also all the tasks
that need internal Transport Layer communication. When a new data request is queued in the Queue
Manager it is the task of the Transport Route Manager to provide the appropriate route (or to reject the
request due to unavailable path). The Transport Route Manager will also instruct the Queue Manager
when each queue should be served.

4.1 The RCI Manager

Messages which their origin or destination is the DeMux, are handled by the RCI Manager.
The interface between Driver DeMux and the Transport Layer is the REMPLI Communication

Interface (RCI). According to the RCI functional description [32, 51], the Driver DeMux and the
TL exchange three types of messages – Command, Response and Notification – over two types of
channels – Command channel and Notification channel.

A message which its origin is an application is called Command. Inversely, a message which is
destined to an application may be a Response to a command or a Notification.

Commands and their respective Success/Error Responses are routed over Command channels1,
while Notifications are routed to the Driver DeMux over a specific Notification channel2. The Trans-
port Layer supports multiple simultaneous Command channel connections, but only allows one Noti-
fication channel at a time, as depicted in Figure 4.1.

1Identified by CMD in Figure 4.1
2Identified by NTFY in Figure 4.1
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4.1. The RCI Manager

Figure 4.1: Transport Layer integration with other communications software.
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Chapter 4. REMPLI Transport Layer

4.1.1 Commands and OK/Error Responses

Applications issue Commands to request Transport Layer services. Depending on the action required,
the Command message may be delivered to the Queue Manager or to the Transmit Route Manager.
Possible actions may be:

• Request to get data from another REMPLI device.

• Request to send data to another REMPLI device.

• Request information about the status of the network.

For each Command received, the Transport Layer is expected to reply to the respective appli-
cation with a SUCCESS/ERROR Response, over the same channel from where the Command was
received. As multiple Command channels may be simultaneously open, the RCI Manager must have
a mechanism to select the proper channel to transmit each Response.

A Success Response is returned when the Transport Layer was able to process correctly the issued
command. Success Responses may indicate that data was fully transmitted over the network or carry
data requested to the TL, such as status flags or live nodes lists. A Success Response only indicates
that the Command was correctly processed by the TL, so it never carries data requested from another
REMPLI device.

An Error Response is returned every time the Transport Layer was unable to process the received
command. The Error Response indicates the cause of failure, which may occur when the processing
of the command takes longer than the specified timeout, an error in transmission of data happens or
other possible conditions.

The Driver DeMux does not need to wait for the response to a previous command before issuing
another command over the same channel3. The Driver DeMux identifies each Command with a unique
Inter Process Communication Transaction Identifier (IPCTransID) value. Every Response carries the
same IPCTransID value as the respective Command, so the Driver DeMux is able to match both
messages. Figure 4.2 presents a possible case, in which the Error Response relative to Command
identified with IPCTransID 922 is received by the Driver DeMux after two other commands have
being sent over the same channel. This example also illustrates that the sequence of responses may
not match the sequence of commands, as the Transport Layer processes commands in parallel and
processing time may differ.

4.1.2 Notifications

The Transport Layer generates a Notification in presence of a relevant event, which is delivered to the
Driver DeMux through a unique unidirectional Notification channel. Notifications on the Access Point
side allow applications to know about modifications on the network status and also to receive data
(responses to previous requests of data) from Nodes. Notifications on Bridges and Nodes generally
carry data requests issued by Access Point applications, but may also occasionally carry software
updates.

3In extreme, the Driver DeMux may issue a sequence of commands over one channel, before receiving the response to
the first command of the sequence.
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4.2. The Network Layer Interface

Figure 4.2: Timing perspective of Commands and Responses over one Command channel.

4.2 The Network Layer Interface

The Network Layer Interface switches messages between the Network Layer and the Queue Manager
and Transmit Route Manager modules.

The Network Layer may deliver packets to the Transport Layer whenever relevant events on the
network occurred or data from another REMPLI device was received. According to the type of packet
received, the Network Layer Interface will route it to the Queue Manager or to the Transport Route
Manager. Generally, received data and indications regarding data transmission are routed to the Queue
Manager, while network status updates are delivered to the Transport Route Manager. Indications of
other REMPLI devices logging in or out the network are reported to both QM and TRM, as such
information is necessary for QM to manage data queues and TRM to calculate routes.

Regarding the packets addressed to the Network Layer, most of the packets from the QM carry
data that is expected to be transmitted over the network. The TRM may issue requests in order to
update its knowledge of the actual network status.

The Network Layer offers access to the network communications device. Due to the master/slave
communications paradigm, there are two types of network communications devices: Master device
and Slave device. The Master device is present in the REMPLI devices that act as network masters
– Access Points and Bridges – while the Slave device is present in the REMPLI devices that act
as network slaves – Nodes and Bridges. Figure 4.3 illustrates how the communications devices are
employed on the PLC network. The REMPLI Bridge interconnects two network segments: on the
segment where are Access Points the Bridge acts as slave, while on the other segment, the Bridge acts
as the master for the Nodes.

In the case of Access Points and Nodes, the NLI tasks are quite straightforward, as all network
packets are routed to/from the single network communications device present. On Bridges, the NLI
must analyse the type of each packet being sent to the Network Layer and determine the communica-
tions device the packet should be delivered.
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Chapter 4. REMPLI Transport Layer

Figure 4.3: Master and Slave devices in REMPLI devices on the network.

4.3 The Queue Manager

The main task of the Queue Manager is to store temporary data before it is sent to the network or to
the applications. Other tasks include:

• Pair requests and responses using the Transport System header data and stored information.

• Provide communication service to the Transport Route Manager own messages.

• Packets fragmentation/assembling.

• Bridge forwarding.

When the Queue Manager receives a new request from the applications it will store the data of
the request and inform the Transport Route Manager about the new queue. The Transport Route
Manager will reply first by sending route information or a ”discard queue” command. After this,
the Transport Route Manager will instruct the Queue Manager to send to the network each fragment
in the queue and the Queue Manager will keep the Transport Route Manager informed on the data
transmission process. When all fragments are processed the queue information is deleted at both the
Queue Manager and the Transport Route Manager.

On reception from the network the Queue Manager rebuilds the data information if needed and de-
livers the final data block with additional service information either to the application or the Transport
Route Manager.

Generally, the Transport Layer must fragment the application requests in several frames and
reassemble them at the destination since the Network Layer uses small fixed-length frames. The
Transport Layer must support several parallel transactions, so the Queue Manager must identify each
fragment with a packet id. For correct-order delivery (the Network Layer may deliver fragments
out-of-order) the Queue Manager must also include fragment order information. Both these fields
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4.4. The Transport Route Manager

have been reduced to a minimum to limit the impact of the Transport System header on the data
payload. The Queue Manager at REMPLI Bridges also supports different sized frames for the two
network segments: Bridges will keep temporary buffers for the en-route packets in order to optimize
this fragment-size conversion. Due to the technology used, the raw data length of the Network Layer
packets is always a power of 2, but since this data length includes the Network Layer own headers,
the bridges may not do simple division or union of fragments.

4.4 The Transport Route Manager

The Transport Route Manager module is the main responsible for management of the system. In
addition to the main run-time route determination and scheduling of fragments, the Transport Route
Manager also takes care of the system start-up (including remote device plug-and-play operation)
and automatic route discovery and route status dissemination. Using connection/disconnection infor-
mation from the Network Layer, the Transport Route Manager keeps track not only of the current
network topology (i. e. the available routes between an Access Point and a Node) but also of the
addresses used in each route. To achieve this goal the Bridges forward route information between
the two network segments when needed. The Transport Layer must handle (and match) 3 different
addresses:

1. REMPLI Unique Serial Number (RUSN). This is a long number, that identifies univocally any
REMPLI device. This number is set at factory, and there should be no multiple REMPLI devices
identified with the same RUSN.

2. REMPLI Node Address. This is a long number, used to identify Node devices at Access Point
Application requests. The REMPLI Node Address is normally associated with an installation
site, so Access Point Application requests are addressed to a network location, instead of a
specific REMPLI device, hiding hardware details to Access Point Applications. A configurable
table maps Unique Serial Numbers to Node Addresses, so the requests to a particular location
are aimed to the corresponding REMPLI device. When a REMPLI device needs replacement,
the address translation table is reconfigured, so the REMPLI Node Address remains the same
while the corresponding RUSN is updated.

3. REMPLI Network Address. This is a short number, used for Network Layer requests and re-
sponses. The REMPLI Network Address is assigned by the master when a slave logs into the
network segment, similarly to the Dynamic Host Configuration Protocol (DHCP) available on
IP networks [52]. It is the task of the TRM to convert Node Addresses into a route exploitable
by the use of Network Layer services.

4.4.1 Route Selection and Cost Estimation

The two main services used by Access Point Applications will be a Request/Response service and a
Request without Response service. The main task of the TL with these two services is to decide which
route should be used to send the request from the Access Point (AP) to the Node using the available
Bridges. In the example depicted in Figure 4.4, a request from Access Point 001 to Node 203 may be
routed either using Bridge 102 or Bridge 104.

For simplicity the REMPLI system routes all fragments of a particular request (and response, if
applicable) using the same path. This simplification means that routing decisions are only taken on
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Chapter 4. REMPLI Transport Layer

Figure 4.4: Two possible routes to reach Node 203.

the Access Point and once per request/response. It also means that path information must be sent in
the packets.

The route selection process is done on a request-by-request basis. The Access Point scheduler
may use the Probable Cost of each route to make the routing decision. To estimate the cost of each
route (one way) the transport system uses (as in Figure 4.5):

• Access Point/Bridge Link quality.

• Bridge queue status.

• Bridge/Node Link quality.

The Access Point/Bridge Link quality is available directly at the Access Point’s Transport Route
Manager but it is also, by definition, an estimate: the Link Quality indicates the previous link qual-
ity. Due to the inconstant characteristics of the data communication medium, this value may change
unexpectedly and the scheduling algorithm must have this effect into account.

Bridge/Node Link quality is data relayed from the Bridge to the Access Point by the Transport
Route Manager. It has the same unpredictability problem of the previous plus the significant additional
delay due to Bridge to Access Point communication.

Bridge queue status is also data relayed from the Bridge to the Access Point by the Transport
Route Manager. Here the unpredictability is also a factor since other Access Points may influence
these queues.

For a request/response service we should also include the queuing delay on the Bridge in the
reverse direction and use a correction factor for the transport delays due to the extra overhead needed
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Chapter 5. Transport Layer implementation

processor is suppressed from the REMPLI Nodes and, conversely, the Slave processor is not present in
REMPLI Access Points, as these REMPLI devices do not contain a Master device and a Slave device,
respectively.

Along with each of the network devices available in the REMPLI device, there is a corresponding
listener thread – Master listener and Slave listener – that will collect the data arriving from the network
device and make it available for the TL modules. These listening components are normally waiting to
be signalled by the network device, to start their operation. Once there is data available, the listener
thread will generate a new TL message block and will fill its fields and set the message type according
to the event related to the data received. The message is then inserted into the NLI queue, so the NLI
may switch it to the appropriate module.

5.7 Heartbeat

In a REMPLI device, every software component must indicate to the Management Driver that it was
launched and executing correctly. This means that every software component must check itself if it is
functioning properly, before sending an indication to the Management Driver – the Heartbeat. When
the Management Driver verifies that one registered component is not issuing heartbeats, it will kill the
process and launch a new process of the same program. The Management Driver sets a 120 seconds
time window for the TL to cyclically confirm that is still operating properly.

The REMPLI TL verifies the state of its core components – the TRM, the QM, the RCIM and the
NLI – and also the NL processor, circulating a periodic message which only purpose is to find if the
modules are processing messages from their queues. This periodic message is supported by the Timer
Service (refer to section 5.4.4), which is in charge of placing one message at the head of the RCIM
queue, every 30 seconds. When the RCIM receives this timed message, it generates a new message
that will cross the multiple TL modules. If working properly, every module is supposed to forward the
received message to the next module, inserting at the end of each queue just like any regular message.
It is required that the message can cross all modules in less than the remaining 90 seconds, following
this sequence:

1. RCIM forwards to QM;

2. QM forwards to TRM;

3. TRM forwards to NLI;

4. NLI forwards to NL processor;

Once the NL processor receives the message, it calls the heartbeat function call from the Man-
agement Driver, informing that the TL is in proper condition and saving the TL from an unnecessary
process termination.
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Chapter 6

Analysis and evaluation

After the development of the REMPLI Transport Layer and its integration in the communication stack,
its timing behaviour was tested and the results analysed. The software was tested on actual REMPLI
devices which constituted the physical REMPLI model testbed, located at the iAd labs in Großhabers-
dorf, Germany, but remotely accessible over Internet. Figure 6.1 is a diagram of the devices and
connections that constituted the testbed. The testbed included two of each REMPLI devices, being all
of them reachable by the remaining devices. Signal attenuators of 60 dB were inserted between each
REMPLI AP and the nearest REMPLI Bridge to simulate long distance lines, and both REMPLI AP
had a direct path with 180 dB attenuation. REMPLI Bridges and REMPLI Nodes were interconnected
by a meshed segment without signal attenuators, and the connection quality was very similar in all
possible connections. The boot up configuration of the REMPLI Bridges could be modified to load
the REMPLI AP or REMPLI Node software instead, making the REMPLI Bridge act as a REMPLI
AP (with the slave network device turned off) or a REMPLI Node (with the master network device
turned off) respectively. This operation allowed to break the testbed network into two independent
networks comprising exclusively REMPLI AP and Nodes, offering two parallel testing environments.
The results of tests presented in this chapter were obtained using a subnetwork that included Bridge
1 (acting as a REMPLI AP) and Nodes 1 and 2. Although the number of REMPLI devices was quite
restrict as compared with a practical field deployment, the testbed was a useful tool to analyse the
performance of the hard and software components.

To verify the proper functioning of the REMPLI Transport Layer, a set of tests was defined to
collect data for a timing behaviour analysis. The REMPLI TL was set to work over the board OS
and it would use the functionality provided by the Network Layer and Management Driver. On top
of the TL was executing a application that would simulate a DeMux Driver. This application was
programable, allowing the definition of a set of actions that should be carried out, in order to observe
how the TL and, consequently, the whole underlying system would behave.

The TL was set to log timestamps of certain events that permit to trace the sequence of operations
and also measure the time each module uses to perform specific tasks. The times required to process a
message and to insert a message in a queue are two significant items for analysis, since the operation of
each module is message driven. Although inserting a message in a queue is not the main functionality
of a module, it could be a bottlenecking factor. If after processing one message the module needs to
forward it to another module, it will block until the message is placed in the respective queue before
it fetches the following message to process. Times for any specific task are subject of variation due to
several factors, being the most relevant:

1. the concurrent processing under a multithreaded environment in a uniprocessor (single core)
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Figure 6.1: Diagram of the REMPLI testbed.

system, and

2. the diverse size of data to process, which is relevant in fragmentation/assembling and transmis-
sion procedures.

To verify the performance of the REMPLI TL, one test was planned in which one REMPLI AP
test application would send a RESPONSE REQUEST containing payload data to a REMPLI NODE
test application which, in turn, should reply the AP with the same payload data. The payload data
is randomly generated and carries a Cyclic Redundancy Check (CRC), which allows the REMPLI
AP test application to verify if the payload data was not corrupted during the request-response cycle.
This sequence, which is illustrated in Figure 6.2, was then repeated several times in order to observe
if the performance of the REMPLI TL would present high variance. Although the REMPLI TL
allows concurrent processing of application commands, this characteristic was not used during tests:
one command would only be issued after the emission of the previous command was considered
concluded either by success or error, so there would be no interference between commands in the times
recorded. Nevertheless, during the processing of an application command, the REMPLI TL could
be simultaneously processing an incoming RESPONSE relative to a previously issued RESPONSE
REQUEST.

Although the size of one network packet is not fixed and is set according to the communications
medium characteristics, the size available to applications data is expected to be around 50 bytes on
field conditions. The test applications allowed to program the size of the payload data, and two sizes
were used in performance tests:

20 bytes. This size was short enough to fit in one network packet, so there was no need of data
fragmentation in the QM.

2000 bytes. Payload of this size is too long, so the QM is always required to perform fragmentation
to send application data on several network packets.

The use of fixed size of payload data on tests, instead of random sizes, allows to observe the
variance of the TL performance under uniform circumstances, discarding the variance that could be
injected by varying payload data size.
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Chapter 6. Analysis and evaluation

Figure 6.2: TL performance test scheme.

Three types of time periods were recorded, in order to inspect the TL performance:

Message processing time. The time taken by a TL module to process each message it received in
its mailbox was measured. The measure of this time started once the module successfully
retrieved a message from the message queue1, and stopped once the processing of the message
was considered concluded.

Message insertion time. The time one module took to insert one message in a message queue was
measured. Since the modules insert messages in queues while they are processing one message,
this time was naturally included in the message processing time.

TL response time. The time it took since the DeMux emulator application issued one command to
the TL, and the instant the TL replied with an success/error response was measured.

6.1 Message queue operations

TL modules communicate by exchanging messages that are inserted in message queues associated to
particular modules. In order to keep the consistency of message queues, operations on each queue
are mutually exclusive, as already described in chapter 5 (section 5.4). An activity which access is
mutually exclusive can become a bottleneck of the system if the time a module is blocked becomes
regularly significant, so the considerations regarding short times to insert/retrieve messages as com-
pared with the times required to process the same messages had to be verified (and confirm that queue

1The time a module was blocked by the mutex, waiting to retrieve the message from the queue was not measured.

61



6.1. Message queue operations

Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs) ∆t < 1000µs ∆t > 10000µs

DMX proc 467.8 328.1 258 1078 90.48% 0.00%
RCIM 487.7 315.5 185 1054 97.01% 0.00%
QM 1564.1 1951.0 185 22361 56.59% 1.10%
TRM 274.3 168.4 184 1244 98.91% 0.00%
NLI 597.3 1190.4 185 15099 94.69% 0.41%
NL proc 255.6 58.0 184 917 100.00% 0.00%

Table 6.1: Insertion times for AP, 20 bytes SENDREQRESP.

Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs) ∆t < 1000µs ∆t > 10000µs

DMX proc 569.1 407.2 258 1203 66.67% 0.00%
RCIM 329.2 201.4 257 953 100% 0.00%
QM 1579.0 4272.7 184 117726 58.99% 0.52%
TRM 239.2 226.5 184 3730 98.98% 0.00%
NLI 538.2 1810.3 184 88015 93.88% 0.12%
NL proc 1629.9 23517.9 184 672749 88.84% 0.44%

Table 6.2: Insertion times for AP, 2000 bytes SENDREQRESP.

operations did not negatively influence the REMPLI TL performance). Nevertheless, the time re-
quired to insert one message in a queue is also dependent on the thread scheduling therefore, having
these concepts in mind, the tests should reveal short times with some small acceptable variation to an
average value.

During the test phase, the time required for a module to insert a message in a queue – from the
instant it tries to obtain the mutex till it releases the same mutex – was recorded. With the collected
data is possible to determine which module inserted the message, the time required, which queue was
operated and the type of message.

The results of batch tests on a REMPLI AP are presented in Table 6.1 where the REMPLI AP
test application injected SENDREQRESP2 commands with 20 bytes of payload data, and Table 6.2
corresponds to the same procedure, but payload data of 2000 bytes size. On both tests, the respective
REMPLI Node replied with the same payload data sent by the REMPLI AP, acting as a echo device.

From Tables 6.1 and 6.2 it is possible to infer that the minimum time required to insert a message
in a queue is about 184 µs. This value should correspond to the case in which the thread obtains
immediately the mutex and the critical section is performed without being preemptively suspended by
the kernel, before the mutex is released.

On both types of tests, the average time to insert one message in a queue is lesser than 10 times the
minimum time recorded, which means that waiting to obtain the mutex is common during operation.
It can be seen in Figure 6.3 that the average times do not suffer a pronounced variation in accordance
with the size of the payload data.

However, the standard deviation and, consequently, the variance is higher than expected, specially

2According to the RCI specification, the SENDREQRESP is a command in which the REMPLI AP expects one REMPLI
NODE to reply, receiving the answer in the form of a Notification.
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Chapter 6. Analysis and evaluation

Figure 6.3: AP average message queue insertion times.

Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs) ∆t < 1000µs ∆t > 10000µs

DMX proc 940.8 587.4 258 2406 65.00% 0.00%
RCIM 601.0 1137.2 185 10419 93.98% 1.20%
QM 1141.1 1218.2 185 19376 69.35% 0.38%
TRM 267.3 126.8 184 917 100.00% 0.00%
NLI 424.0 298.1 185 1088 98.05% 0.00%
NL proc 389.1 351.1 184 1965 96.23% 0.00%

Table 6.3: Insertion times for Node, 20 bytes SENDRESP.

for the QM and NLI on both test runs, and on the NL in the larger payload data size. These high
values of standard deviation are due to some spurious but seriously high values of time required
to insert a message in the queue. It is possible to state that these values are spurious, because the
recorded data shows that most of the insert operations take less than 1000 µs, which is about 5 times
the minimum time, and only a very small residual insert operations take longer than 10000 µs, which
is approximately 54 times the minimum time.

The reasons for such high variance, may be related with the scheduling mechanism of the threads,
in which if one thread does not obtain immediately the mutex it will be suspended, and the cycle to
wake this thread may sometime take long if other threads are using intensively the processor. This is
the case in the test with 2000 bytes payload data size in which the NL experiences severely longer
waiting times, and the QM has to assemble the data received from the network.

Regarding the corresponding times recorded for the REMPLI Nodes in the same test runs, the
statistics are presented in Table 6.3 and Table 6.4. Again, the average times are under 10 times the
minimum measured value – 184 µs – and the majority of the insert operations take less than 1000 µs
and only a residual percentage of operations take more than 10000 µs. In Figure 6.4 it is possible to
observe that, again, the average times do not correlate with the size of the payload data. The results
are similar to the ones found in the REMPLI AP tests, and the same considerations apply.
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Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs) ∆t < 1000µs ∆t > 10000µs

DMX proc 1356.0 3045.4 258 19951 55.00% 2.50%
RCIM 382.0 295.0 257 1493 92.22% 0.00%
QM 1109.7 1191.9 184 29671 68.20% 0.11%
TRM 310.5 725.3 184 10427 98.51% 0.46%
NLI 666.4 3878.9 184 112475 95.32% 0.12%
NL proc 337.6 243.1 184 3882 98.74% 0.00%

Table 6.4: Insertion times for Node, 2000 bytes SENDRESP.

Figure 6.4: Node average message queue insertion times.
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Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs)

DMX proc 358.6 (358.6) 396.8 (396.8) 260 (260) 2858 (2858)
RCIM 879.8 (392.1) 344.4 (152.2) 543 (297) 1519 (1061)
QM 3570.0 (3021.4) 6073.1 (5696.9) 87 (87) 56000 (54943)
TRM 1013.9 (926.0) 4679.2 (4657.5) 41 (41) 65251 (64992)
NLI 1358.7 (762.7) 3377.9 (3192.2) 493 (295) 40642 (40382)
NL proc 987.8 (970.3) 4331.6 (4333.4) 189 (189) 36358 (36358)

Table 6.5: Processing times for AP, 20 bytes SENDREQRESP.

6.2 Message processing

Each module operates in an infinite cycle, in which the module has to retrieve a message from its
message queue and consequently process it. There are several types of messages for each module and
each type requires a specific procedure to be performed.

The times recorded during test runs include the operations that were performed since one message
was successfully retrieved from the message queue until the processing was considered complete.
Several procedures require that data is sent to another module (via a TL message) and, naturally, the
processing time includes the time spent to insert a message in one other module message queue, since
this operation is part of the message processing procedure.

Regarding the activity of the interfacing modules – NL processor and DeMux processor – the
recorded message processing times do not include all the operations performed by these components.
For the DeMux processor, the time this component took since it received a TL message from the RCIM
and switch it to the Notification handler queue or the proper Command Writer queue was recorded;
however, the time the Command and Notification handlers take to send the data over the proper socket
channel was not recorded. Similarly, the time necessary to process an incoming command from the
Driver DeMux was not also recorded because, once the Command Reader receives a command, it
immediately tries to inform the RCIM through a TL message and this time was already considered
in the message queue insertion times. The statistics on the NL processor message processing activity
relates only to the operations in which data is sent to the network device: the NL processor receives TL
messages asking to send data over the network, so this is the processing the NL processor is expected
to do. This way, the activity in which the NL processor receives data from the network device and
immediately forwards it to the NLI was not recorded, being these values already considered in the
message queue insertion times.

Tables 6.5 and 6.6 present the average times spent by each module in a REMPLI Access Point
to process one message. The values used in these statistics include the time taken by the module
to insert a message in a queue, whenever the message processing procedure requires so. Although
the operations on message queues are part of the message processing, the analysis of the processing
times without the variance added by the random times introduced by the mutex locks – which, has
already observed, could have an appreciable effect – was also interesting. To eliminate this source of
variance in such cases, the insertion time was subtracted from the processing time, being the statistics
calculated with these values presented inside parentheses, next to the total values.

From both tables, it is possible to observe that an increase in size of the payload data of an appli-
cation does not affect the processing times of most modules, with the exception of the QM. In fact,
only the QM presents a significant increase in the average time and, more specially, in the standard
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Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs)

DMX proc 293.6 (293.6) 34.3 (34.3) 259 (259) 331 (331)
RCIM 722.2 (393.0) 292.3 (133.8) 555 (297) 1692 (1182)
QM 6478.7 (5898.4) 61354.1 (61261.8) 87 (87) 872618 (871705)
TRM 576.3 (477.4) 1262.9 (1224.4) 41 (41) 43595 (43336)
NLI 998.4 (460.2) 2795.6 (2126.8) 482 (295) 88381 (68128)
NL proc 425.6 (413.9) 1218.1 (1212.4) 189 (189) 35911 (35911)

Table 6.6: Processing times for AP, 2000 bytes SENDREQRESP.

Figure 6.5: AP average message processing times.

deviation and maximum ∆t value. This can be justified with the fact that most modules do not operate
the payload data, except the QM which must fragment the data into smaller chunks to fit the network
packet size, and also the opposite procedure. Even the network device write operations performed by
the NL processor are independent from the size of the command payload data: the larger the data,
the more write operations of small size packets are performed by the NL processor, but this does not
change the average value.

Considering the size of payload data on both test runs, the proportionality of 100× is not reflected
in the average processing time of the QM, which only increases 1.8×, as can be seen in Figure 6.5.
Since fragmentation of payload is only one of several tasks performed by the QM, this smaller pro-
portion could only be caused by the effect of other lesser time-consuming operations performed by
this module in the calculation of the average value. The times required for the QM to process the mes-
sages which have to fragment the command payload data were analysed separately and the results are
shown in Table 6.7. Obviously, the average times to fragment the command data are longer than the
general average times for the QM to process one message. Interesting is to observe that the QM takes
about 52.1× longer to generate a queue of data chunks for a 100× bigger data payload. Removing the
variance due to mutex operations when message queue operations are performed, this proportionality
raises to 55.8×.
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Complete procedure Not considering queue insertion
∆t(µs) σ∆t(µs) ∆t(µs) σ∆t(µs)

20 bytes payload 16055.5 2696.0 14960.4 2661.0
2000 bytes payload 836176.3 20753.1 835255.2 20757.6

Multiplication factor 52.1× 55.8×

Table 6.7: Access Point QM times to fragment SENDREQRESP data.

Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs)

DMX proc 499.4 (499.4) 704.5 (704.5) 259 (259) 3011 (3011)
RCIM 1060.7 (459.7) 1262.8 (343.6) 541 (293) 11639 (2176)
QM 1896.7 (1485.1) 2481.7 (2152.1) 87 (87) 23260 (22344)
TRM 531.8 (455.9) 410.3 (290.3) 41 (41) 1641 (1282)
NLI 781.5 (356.4) 361.8 (204.2) 483 (297) 2806 (2547)
NL proc 1063.3 (1063.3) 4261.7 (4261.7) 190 (190) 29501 (29501)

Table 6.8: Processing times for Node, 20 bytes SENDRESP.

Observing the Node statistics, presented in Tables 6.8 and 6.9, we can observe that the size of the
payload data has practically effect on the average values of time required to process a message. There
is an increase in maximum times observed in the QM, TRM and NLI modules, which may be the
cause for the increase in the the standard deviation of the late two modules.

On the QM, an increase of the average processing time values was expected, as fragmentation
and assembling operations were being performed by this module. But the increase of the size of
payload data by 100× only produced an increase of 1.1× in the average time, as visually illustrated in
Figure 6.6. Even taking exclusively in account the times relating to payload fragmentation procedure,
as presented in Table 6.10, there is only an increase in the proportion of 2.2× in the average time, when
the proportion of the size of payload data is 100×. It is also very interesting to observe that the average
time required by the AP to process a command with 20 bytes of payload data (3570.0 µs) is longer
than the time taken by the Node for the counterpart operation with 2000 bytes of payload data (2064.5
µs). While on the QM of the AP the longer times recorded consistently correspond to command

Module ∆t(µs) σ∆t(µs) ∆tmin(µs) ∆tmax(µs)

DMX proc 418.6 (418.6) 561.9 (8561.9) 259 (259) 3712 (3712)
RCIM 839.9 (457.9) 431.2 (290.9) 553 (293) 2058 (1800)
QM 2064.5 (1533.2) 2949.7 (2720.5) 87 (87) 68772 (67855)
TRM 721.2 (591.6) 2754.6 (2658.9) 41 (41) 65485 (65299)
NLI 1152.1 (485.6) 4392.9 (2064.5) 482 (296) 112840 (39994)
NL proc 435.4 (435.4) 1242.9 (1242.9) 189 (189) 33690 (33690)

Table 6.9: Processing times for Node, 2000 bytes SENDRESP.
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Figure 6.6: Node average message processing times.

With queue insertion Without queue insertion
∆t(µs) σ∆t(µs) ∆t(µs) σ∆t(µs)

20 bytes payload 5796.9 191.3 4877.0 142.8
2000 bytes payload 12489.9 278.7 11559.3 270.1

Multiplication factor 2.2× 2.4×

Table 6.10: Node QM times to fragment SENDRESP data.

payload fragmentation of data of same size, on the QM of the Node the longer times correspond to
message processing that sporadically takes longer, probably due to thread scheduling. This indicates
that processing an application command on an REMPLI AP is heavier than on an REMPLI Node.

6.3 TL performance

The previous sections have presented indicators about the performance of the major TL modules, but
it is also important to observe the performance of the REMPLI TL, as an integrated system. The
REMPLI TL offers services to the layer above, the Drivers DeMux, which issues commands and
expects a response informing if the command was successful or not. In the tests that were carried out,
the application that emulated the Drivers DeMux recorded the timestamps when it issued a command
and when it received the respective response from the REMPLI TL. Table 6.11 presents the average
results and the standard deviation for commands issued with 20 bytes and 2000 bytes of payload data.

From the low standard deviation values, it is possible to infer that the REMPLI TL presents a
regular behaviour under similar requests, on both types of devices.

The REMPLI AP and the REMPLI Node present very similar response times when the data to be
sent through the network has a small size. However, the REMPLI Node responds faster when the size
of data increases. In fact, an increase of 100× on the size of payload data leads to an increase of the
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Size of payload data ∆t(s) σ∆t(s) ∆tmin(s) ∆tmax(s) Goodput (bps)

REMPLI AP
20 bytes 1.096044 0.100964 0.909153 1.231499 145.98
2000 bytes 12.005622 1.094176 7.520724 12.701801 1332.71

REMPLI NODE
20 bytes 0.909914 0.107126 0.759636 1.114349 175.84
2000 bytes 6.085396 0.287488 5.718992 6.574816 2629.24

Table 6.11: TL response times on a REMPLI AP.

Figure 6.7: NL packet time responsiveness (worst case recorded).

average response time in 6.7× on the REMPLI Node and 11.0× on the REMPLI AP.
To verify if the Transport Layer could cope with the network capacity, two practical cases –

the worst and the best cases recorded – were studied, in which the Access Point tries to send a
SENDREQRESP with 2000 bytes of payload. For this study the selection relied on the Access Point
because its transport layer presented longer response times than the Node. In the worst case, the
REMPLI TL took 12.701801 seconds to accept the command and payload data, and reply with a suc-
cess response. From the time records of the activity between the TL and the NL we can observe the
facts listed below.

• The TL took 9.454430 s to write the 39 network packets that carried the command and data to
the NL. The average time between write operations was 0.248503 s.

• The NL took 10.514470 s since it received the first packet until it informed the TL that was
about to send the last packet to the network. The average time between reading a packet from
the TL until get it ready to send it to the network was 1.547704 s.
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• The time elapsed since the first packet was written to the NL until the TL received the confir-
mation that the last packet was received by the Node was 10.990460 s.

Figure 6.7 graphically presents the times recorded for the referred case. It is possible to observe
that for every packet, the time the TL takes to perform the next consecutive write operation to the NL3

is continuously inferior than the time the packet is buffered in the NL before being ready to be inserted
in the network4. During the 4.72 seconds between packets number 8 and number 9, the NL device
was busy receiving 36 packets carrying part of a Node response to the immediately previous issued
AP request. Once the NL load decreased, the TL resumed writing packets with short time intervals.
This behaviour indicates that the REMPLI TL is not inserting prejudicial delays and has a margin to
cope with the network performance.

From the same graph it is also interesting to observe that the time between the NL being ready to
insert the packet in the network and the confirmation of the packet reception by the Node is practically
constant – being the average value 0.461382 s – which indicates the predictable behaviour of the
network due to the stringent NL time constraints.

During the best case recorded, the NL did not received any data packets from the Node. The
REMPLI TL took 7.520724 seconds to accept the command and payload data, and reply with a success
response. An analysis of the time records of the activity between the TL and the NL revealed the facts
listed below.

• The TL took 4.577190 s to write the 39 network packets that carried the command and data to
the NL. The average time between write operations was 0.120443 s.

• The NL took 5.878630 s since it received the first packet until it informed the TL that was about
to send the last packet to the network. The average time between reading a packet from the TL
until get it ready to send it to the network was 1.082942 s.

• The time elapsed since the first packet was written to the NL until the TL received the confir-
mation that the last packet was received by the Node was 6.352190 s.

Figure 6.8 graphically presents the times recorded for the best recorded case. In this graph, it is
visible that the TL does not delay the NL operation, even when the NL is under light load.

The same graph shows once more that the time between the NL being ready to insert the packet
in the network and the confirmation of the packet reception is practically constant, being the average
value 0.476046 s.

3Represented by the series caption ’Time until next packet’.
4Represented by the series caption ’NL ready to send’.
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Figure 6.8: NL packet time responsiveness (best case recorded).
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Chapter 7

Conclusions and future work

7.1 Summary of this dissertation

The use of power-lines as a transmission medium is currently standardised in Europe by the CEN-
ELEC EN 50065 standard [44]. The CENELEC A-band, ranging from 3 kHz to 95 kHz, is restricted
to electricity suppliers and their licensees and is actually subject of research and development of ap-
plications for the utility companies. The liberalisation of the energy markets and the availability of
multiple electricity producers and energy sources is pushing the need of real-time knowledge and con-
trol of the power network with a finer detail than was common some years ago. Embedded systems
can be installed in key locations to perform metering and SCADA, as long as they can be remotely
accessed by application servers through some communications medium. The power distribution in-
frastructure is already deployed and reaches all electricity clients which – for the electricity distributor
companies – constitutes an economical alternative to other communications media such as dedicated
telephone lines or wireless links.

The REMPLI project was thus motivated by the current market needs and opportunities. The
principal aim of this project is to develop a communications system that can transparently exchange
data between digital equipment (meters and SCADA Remote Terminal Units) that follows industrial
bus open standards and is already available in the market, through the electric power distribution
grid. Additional or upcoming protocols can be supported by the REMPLI system requiring only the
development of an application driver to realise the adaptation to the PLC medium.

The REMPLI system is composed by three types of devices: Access Points, Bridges and Nodes.
Access Points provide Application Servers the access to the REMPLI system, performing the trans-
lation between the IP-based networks – where the Application Servers are connected – and the PLC
network where REMPLI packets are commuted. Bridges are employed to exchange data between
the medium-voltage and the low-voltage segments at transformer stations. Since transmission charac-
teristics are certainly different in the referred distribution segments, different modulation parameters
can be set to optimise the overall throughput of the REMPLI network, resulting in different maxi-
mum packet sizes. In this way, Bridges may have to assemble and refragment data that has to cross
the boundary between the medium- and low voltage segments. Nodes interfaces the meters and/or
SCADA Remote Terminal Units with the REMPLI network.

The REMPLI communication protocol follows the master/slave model, in which the Access Points
are the masters and Bridges and Nodes are the slaves. During regular operation, Access Points are
solicited by the Application Servers to issue requests to one or multiple slave devices which may have
to respond back or not. Generally, masters take the initiative of communication, but slaves have the
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possibility to issue alarm messages to inform a master about some relevant event.

The possibility of multiple masters and slaves in a real-time meshed network and the level of
throughput poses new challenges to efficient routing and scheduling algorithms. The complexity
inherent in the REMPLI Transport Layer requirements was an important factor in the decision of
implementing the REMPLI Transport Layer as a user-space application. The REMPLI Transport
Layer is composed of four major modules: the Transport Route Manager, the Queue Manager, the
REMPLI Communications Interface Manager and the Network Layer Manager. The Transport Route
Manager is in charge of collecting data about the network status and decide which is the best route
for each packet and when is the right moment to deliver a packet to the network. The Queue Manager
is responsible to fragment the outgoing data in order to fit the network packets, and to reassemble the
data received in the incoming network packets. The REMPLI Communication Interface Manager and
the Network Layer Manager have to switch messages between the adjacent protocol layers and the
Queue and Transport Route managers.

An embedded platform was specifically developed for this project. The hardware platform relies
on the Hyperstone’s hyNet 32XS microprocessor and iAd’s DLC-2C/CA PLC chipset. The system
kernel of this hardware is a uClinux port to the hyNet 32XS, a derivative of the Linux kernel for
devices without Memory Management Unit. A toolchain was created to build software (either kernel
modules or user-space applications), including the GNU C-Compiler, the GNU Debugger and GNU
binutils. The uClibc was ported to the hyNet 32XS, so compiled applications can link it and make use
of this source of object code.

The four modules of the REMPLI Transport Layer were developed and tested in a discrete event
simulation system and the object-oriented source code served as basis for the implementation of this
protocol layer in the referred embedded platform. According to the specification, the REMPLI Trans-
port Layer should have its modules working concurrently and so this application became a multi-
threaded process, being each module executed as a single thread. A message queue service, based
in linked lists, allows each module to issue operation requests and associated data to other modules;
the message queue operations constitute a variation of the classic producer/consumer problem and the
exclusive access to queue operations is assured by an associated mutex. Two additional modules were
created to operate directly with the adjacent layers: the Driver DeMux processor and the Network
Layer Processor. The Driver DeMux processor listens for connection requests issued by the Driver
DeMux and takes care of communications performed with the upper layer. Communications with
the Driver DeMux occur in two types of channels: the Notification Channel, a unique unidirectional
socket where the Transport Layer sends event notifications to the Driver DeMux, and the Command
Channels, from where the Transport Layer receives application commands and sends the command
status (success/error) response. The Network Layer processor has to handle packets that are received
from the network and also prepare data to be sent over the network adapter. Access Points and Nodes
have one single network adapter so the operation of the Network Layer processor is quite straight-
forward, Bridges have two network adapters and the NL processor must select, based on the data
properties, to which adapter each packet must be sent.

The REMPLI Transport Layer was tested in laboratory, to verify its reliability and responsiveness.
The complexity of the algorithms and the operations controlled by mutexes could pose a serious risk to
the responsiveness of this layer, furthermore when the network offers a narrow bandwidth and latency
generated by the protocol stack is not desirable. The tests were performed in a testbed with a reduced
number of REMPLI devices, and above the REMPLI Transport Layer there was an application that
emulated the Driver DeMux, issuing sets of pre-programmed commands, and the times required to
perform several operations were recorded for statistical analysis.
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7.2 Main contributions

7.2.1 Characterisation of the REMPLI Transport Layer architecture

This document provides a detailed characterisation of the REMPLI Transport Layer architecture. Ac-
cording to the required functionality, the REMPLI TL integrates new packet routing and scheduling
algorithms that were validated in a discrete event simulation system and applied in the implementation
of the REMPLI Transport Layer.

7.2.2 Implementation of a prototype of the REMPLI Transport Layer

During the project timeline, the REMPLI Transport Layer was implemented for the embedded plat-
form. The implementation resulted in three editions of the Transport Layer, one for each type of
device (Access Point, Bridge and Node). These editions were tested in laboratory and then on a field
test in Sofia, Bulgaria. The Access Point and Node editions functioned properly in both scenarios,
showing a full integration in the protocol stack. During the field tests at Sofia, Bridges were set to act
as repeaters. This solution was possible because the network was operating with one single Access
Point and all segments were set to carry packets of same maximum size. In this scenario, the use of
repeaters resulted in increased payload data throughput compared with the use of bridges, but if the
network settings became more complex (multiple Access Points and different modulation parameters
in the medium- and low-voltage segments) a degradation of performance was expected.

In the field test of Sofia, multiple remote meter readings were flawlessly performed and SCADA
Remote Terminal Units executed remotely issued commands [63]. The timing analysis results are
consonant with the settings of the network.

7.2.3 Efficiency and predictability analysis of the REMPLI TL

A set of tests was performed in laboratory, in order to verify three aspects of the REMPLI TL be-
haviour:

1. The amount of time each module is blocked by a mutex, when the module has to insert a
message in a message queue.

2. The amount of time each module takes to process one received message.

3. The overall responsiveness of the TL, seen by its client – the Driver DeMux.

The mechanism of modules intercommunication based on messages queues is effective and scal-
able, but there was the concern that the indeterministic access to queue operations controlled by mu-
texes could insert delays that compromise the overall TL performance. The results showed that the
minimum value for each operation was less than 200 µs and most of the blocking periods were less
than 1000 µs, independently of the size of the payload data carried by the message, which denotes a
predictable behaviour. Nevertheless, when one module was using the processor more intensively, the
blocking periods could sporadically grow up to tens or (more rarely) hundreds of milliseconds, due to
thread scheduling strategy which benefits the most active thread.

The statistics related to the time taken by a module to process one message revealed that the size
of the payload data only affects significantly the Queue Manager. This is justified by two reasons:
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1. During the tests, the times taken when data is exchanged between the DeMux processor and the
Driver DeMux were not recorded. The elapsed time during socket read and write operations
obviously vary with the size of data exchanged.

2. The Queue Manager is the only that operates on payload data, performing data fragmentation
and assembling operations.

The statistics also revealed that the message queue insert operations (that involve mutex locks) has
an effect in the average times and variance of the processing times, which is obvious since the time to
acquire a mutex is not deterministic. Nevertheless, the impact is not harmful even when (which very
sporadically) the period the thread is blocked is in the order of hundreds of milliseconds.

Finally, the overall performance analysis of the REMPLI TL revealed a regular behaviour under
equivalent solicitations. This analysis also demonstrated that the REMPLI TL is not degrading the
REMPLI system and performs faster than the network capacity. Also, the implementation of the
REMPLI TL as an user space application had no bottleneck effect in the system.

7.3 Future work

This dissertation covers the implementation of a fully functional prototype of the REMPLI Transport
Layer for the embedded platform also developed within the REMPLI project. In the field test at Sofia,
the Bridges acted as repeaters. This alternative solution is functional, but to take advantage of the
REMPLI system design, the Bridge software integration should be validated.

The three types REMPLI devices share the same processor board, but in a REMPLI system, the
Nodes outnumber the Access Points and Bridges together. The functionality of the REMPLI Node
is less complex than the Bridges and Access Points, therefore there is the intention to develop a new
REMPLI Node based on the 8051 microcontroller architecture to lower the costs of installation of a
REMPLI system. This includes the adaptation of the Node TL to this architecture.

Also an interesting area of future work, would be the analysis of different scheduling approaches,
in order to reduce the variability in the behaviour (in some small cases) of the REMPLI TL.
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