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ABSTRACT 
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Doctor of Philosophy 

Energy Minimisation Techniques for Distributed Embedded Systems 
by Marcus Thomas Schmitz 

It is likely that ± e demand for embedded computing systems with low energy dissipation 
will continue to increase. This thesis is concerned with the development and validation 
of techniques that allow an effective automated design of energy-efficient embedded sys-
tems. Special emphasis is placed upon system-level co-synthesis techniques for systems 
that contain dynamic voltage scalable processors which can trade off between perfor-
mance and power consumption during run-time. 

The first part of the thesis addresses energy minimisation of distributed embedded 
systems through dynamic voltage scaling (DVS). A new voltage selection technique for 
single-mode systems based on a novel energy-gradient scaling strategy is presented. This 
technique, which overcomes limitations of previous voltage scaling approaches, exploits 
system idle and slack time to reduce the power consumption, taking into account the 
individual task power dissipation. Numerous benchmark experiments validate the quality 
of the proposed technique in terms of energy reduction and computational complexity. 

The second part of the thesis focuses on the development of genetic algorithm-based 
co-synthesis techniques (mapping and scheduling) for single-mode systems that have 
been specifically developed for an effective utilisation of the voltage scaling approach 
introduced in the first part. The schedule optimisation improves the execution order of 
system activities not only towards performance, but also towards a high exploitation of 
voltage scaling to achieve energy savings. The mapping optimisation targets the distribu-
tion of system activities across the system components to further improve the utilisation 
of DVS, while satisfying hardware area constraints. Extensive experiments including a 
real-life optical flow detection algorithm are conducted, and it is shown that the proposed 
co-synthesis techniques can lead to high energy savings with moderate computational 
overhead. 

The third part of this thesis concentrates on energy minimisation of emerging dis-
tributed embedded systems that accommodate several different applications within a sin-
gle device, i.e., multi-mode embedded systems. A new co-synthesis technique for multi-
mode embedded systems based on a novel operational-mode-state-machine specification 
is presented. The technique increases significantly the energy savings by considering the 
mode execution probabilities that yields better resource sharing opportunities. 

The new co-synthesis and voltage scaling techniques have been incorporated into the 
prototype co-synthesis tool LOPOCOS (Low Power Co-Synthesis). The capability of 
LOPOCOS in efficiently exploring the architectural design space is demonstrated through 
a system-level design of a realistic smart phone example that integrates a GSM cellular 
phone transcoder, an MP3 decoder, as well as a JPEG image encoder and decoder. 
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Chapter 1 

Introduction 

Over the last several years, the popularity of portable applications has explosively in-

creased. Millions of people use battery-powered mobile phones, digital cameras, MP3 

players, and personal digital assistants (PDAs). To perform major parts of the system's 

functionality, these mass products rely, to a great extent, on sophisticated embedded com-

puting systems with AzgA and Zow powgr The complexity of such 

devices, caused by an ever-increasing demand for functionality and feature richness, has 

made the design of modem embedded systems a time-consuming and error-prone task. 

To be commercially successful in a highly competitive market segment with tight time-

to-market and cost constraints, computer-based systems in mobile applications should be 

cheap and quick to realise, while, at the same time, consume only a small amount of elec-

trical power, in order to extend the battery-lifetime. Designing such embedded systems is 

a challenging task. 

This thesis addresses this problem by providing techniques and algorithms for the au-

tomated design of energy-efhcient distributed embedded systems which have the potential 

to overcome traditional design techniques that neglect important energy management is-

sues. In this context, special attention is drawn to (/ynamic voZfogg (DVS) — 

an energy management technique. The main idea behind DVS is to dynamically scale 

the supply voltage and operational frequency of digital circuits during run-time, in accor-

dance to the temporal performance requirements of the application. Thereby, the energy 

dissipation of the circuit can be reduced by adjusting the system performance to an appro-

priate level. Furthermore, the proposed synthesis techniques target the coordinated design 
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(co-design) of mixed hardware/software applications towards the effective exploitation of 

DVS, in order to achieve substantial reductions in energy. 

The main aims of this chapter are to introduce the fundamental problems that are 

involved in designing distributed embedded systems and to provide the terminology used 

throughout this work. The remainder of this chapter is organised as follows. Section 1.1 

outlines a typical system-level design process. A task graph specification model, used to 

capture the system's functionality, is introduced in Section 1.2. Section 1.3 describes the 

individual system design steps using some illustrative examples. Hardware and software 

synthesis are briefly discussed in Section 1.4. Finally, Section 1.5 gives an overview of 

this dissertation and highlights the main contributions and achievements of the presented 

work. 

1.1 Embedded System Design Flow 

A typical embedded system, as it can be found, for example, in a smart-phone, is shown 

in Figure 1.1. It consists of heterogeneous components such as software programmable 

^ Q 
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int maindnt argc, char **argv) { 
Build_Interface (} ; 
EventTrigger () ; 
while (! endLbs (kbs)) { 

sync = 5eek_sync{&bs, SYNC_WORD); 

dprngg i.nfnffrbs. &fr_ps) ; 

} 

void EventTrigger () { 
InitTriggerControl n ; 
while (Event) ReadEventO; 
switch (Event) { 

case 0: 

} 

) " 

(a) Embedded architecture: A distributed 
heterogeneous system 

(b) Embedded software 

Figure 1.1: Example of a typical embedded system (smart-phone) 

processors (CPUs, DSPs) and hardware blocks (FPGAs, ASICs). These components are 

interconnected through communication links and form a distributed architecture, such 
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as the one shown in Figure 1.1(a). Analogue-to-digital converters (ADC), digital-to-

analogue converters (DAC), as well as input/output ports (I/O) allow the interaction with 

the environment. A complete embedded system, however, consists additionally of appli-

cation software (Figure 1.1(b)) that is executed on the underlying hardware architecture 

(Figure 1.1(a)). Clearly, effective embedded system design demands optimisation in 

hardware and software parts of the application. When designing an embedded computing 

system, as part of a new product, it is coimnon to go through several design steps that 

bring a novel product idea down to its physical realisation. This is usually referred to 

as system-level design How. A possible and common design flow is introduced in Fig-

ure 1.2. It is characterised by three important design steps: (Step A), 

(Step B), as well as concurrent Aa/iifwarg jynfAgj'/.y (Step C). 

The remainder of this section briefly outlines this design How. 

Starting from a new product idea, the first step towards a final realisation is 

At this stage, the functionality of the system is captured using different con-

ceptual models [57] such as natural language, annotated-graphic representations (finite 

state machines, data-flow graphs), or high-level languages (VHDL, C/C++, SystemC). 

This design step is indicated as Step A in Figure 1.2. Having specified the system's 

functionality, the next stage in the design flow is the shown as Step B in 

Figure 1.2. The goal of co-synthesis is threefold: 

Architecture allocation Firstly, an adequate target architecture needs to be allocated, 

i.e., it is necessary to determine the quantity and the types of different intercon-

nected components that form the distributed embedded system. Components that 

can be allocated are given in a predefined technology library. 

Application mapping Secondly, all parts of the system specification have to be dis-

tributed among the allocated components, that is, tasks (function fragments) and 

communications (data transfers between tasks) are uniquely mapped to processing 

elements and communication links, respectively. 

Activity scheduling Thirdly, a correct execution order of tasks and communications has 

to be determined, i.e., the activities have to be scheduled under the consideration of 

interdependencies. 

These three co-synthesis stages aim to optimise the design according to objectives set 

by the designer, such as power consumption, performance, and cost. In order to reduce 
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the power consumption, emerging co-synthesis approaches (as the one proposed in this 

work) tightly integrate the consideration of managemenr wi±in the 

design process [63,72,89,90]. 

Energy management Energy management techniques utilise existing idle times to re-

duce the power consumption by either shutting down the idle components or by 

reducing the performance of the components. 

The consideration of energy management techniques during the co-synthesis allows the 

optimisation of allocation, mapping, and scheduling towards their effective exploitation. 

After the co-synthesis has allocated an architecture as well as mapped and scheduled the 

system activities (tasks and communications), the next stage in the design Aow is the 

concurrent aW indicated as Step C in Figure 1.2. These 

separated design steps transform the system specification, which has been split between 

hardware and software, into physical implementations. System parts that are mapped onto 

customised hardware are designed using high-level [8,18,56,128,146], logic [9,38,98, 

117], and layout [52] synthesis tools. While system parts that have been mapped onto 

software programmable processors (CPUs, DSPs) are compiled into assembler and ma-

chine code, using either standard or specialised compilers and assemblers [1,83]. The 

main advantage of a concurrent hardware (HW) and software (SW) synthesis is the pos-

sibility to co-simulate both system parts, with the aim of finding errors in the design as 

early as possible to avoid expensive re-designs. The following section describes the whole 

design process shown in Figure 1.2 in more detail and introduces the terminology used 

throughout this thesis. 

1.2 System Specification (Step A) 

The functionality of a system can be captured using a variety of conceptual specification 

models [57]. Different modelling styles are, for example, high-level languages (hard-

ware description and programming languages) such as SystemC, Verilog HDL, VHDL, 

C/C-H-, or JAVÂ , as well as more abstract models such as block diagrams, task graphs, 

finite state machines (FSMs), Petri nets, or control/dataflow graphs. Typical applications 

targeted by the presented work can be found in the audio and video processing domain 

(e.g. multi-media and communication devices with extensive data stream operations). 
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Such applications fall into the category of data-flow dominated systems. An appropri-

ate representation for these systems is the task graph model [76,100,149], which will be 

introduced in the following section. 

1.2.1 Task Graph Representation 

The functionality of a complex system with intensive data stream operations can be ab-

stracted as a directed, acyclic graph (DAG) % = (T, C), where the set of nodes T = 

denotes the set of tasks to be executed, and the set of directed edges C 

refers to communications between tasks, with Y/y = (T;;,Ty) E C indicating a communi-

cation from task T, to task Ty. A task can only start its execution after all its ingoing 

communications have finished. Each task can be annotated with a deadline 8, the time 

by which its execution has to be finished. Furthermore, the task graph inherits a repe-

tition period (|) which specifies the maximal delay between to invocations of the source 

tasks (tasks with no ingoing edges). Structurally, task graphs are similar to the data-flow 

graphs that are commonly used in high-level synthesis [56,146]. However, while nodes 

in data-flow graphs represent single operations, such as multiplications and additions, the 

nodes in task graphs are associated with larger (coarse) fragments of functionality, such as 

whole functions and processes. The concept behind this model can be exemplified using 

a simple illustrative example. 

Example 1: For the purpose of this example, consider an MP3 audio decoder. In order to 

reconstruct the "original" stereo audio signal from an encoded stream, the decoder reads 

the data stream and applies several transformations such as Huffman decoding, dequan-

tisation, inverse discrete cosine transformation (IDCT), and antialiasing. A possible task 

graph specification along with a high-level language description in C of such an MP3 de-

coder is shown in Figure 1.3. The figure outlines the relation between task graph model 

and high-level description. In this particular example the granularity of each task in the 

task graph corresponds to a single sub-function of the C specification. For instance, the 

Huffman Decoder tasks (T3 and T4) in Figure 1.3(a) reflect the functionality that is per-

formed by the third sub-function in Figure 1.3(b). The flow of data is expressed by edges 

between the individual tasks. The output data produced by the Huffman Decoder tasks, 

for example, is the input of the dequant tasks (T5 and T^), indicated by the communica-

tion edges Y3 5 and In order to decode the compressed data into a high quality audio 
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signal, one execution of all tasks in the graph, starting from task Tq and finishing with Tig, 

has to be performed in at most 25ms as expressed by the task deadline However, to 

obtain real-time decompression of a continuous music stream, the execution of all tasks 

has to be performed 40 times per second, i.e., with a repetition rate of (|) = 25ms. Al-

though in this particular example the deadline and the repetition rate are identical, they 

might vary in other applications. As opposed to the C specification, the task graph explic-

itly exhibits application parallelism as well as communication between tasks {data flow), 

while the exact algorithmic implementation of each function is abstracted away. • 

1.3 Co-Synthesis (Step B) 

Once the system's functionality has been specified as task graph, the system designers 

will start with the system-level co-synthesis. This is indicated as Step B in Figure 1.2. 

In addition. Figure 1.4 shows the co-synthesis flow in diagrammatic form. Co-synthesis 
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is the process of deriving a mixed hardware/software implementation from an abstract 

functional specification of an embedded system. To achieve this goal, the co-synthesis 

needs to address four fundamental design problems; architecture allocation, application 

mapping, activity scheduling, and energy management. Figure 1.4 shows the order in 

which these problems have to be solved. In general, these co-synthesis steps are itera-

tively repeated until all design constraints and objectives are satisfied [48,50,66,148]. 

An iterative design process has the advantage that valuable feedback can be provided to 

the different synthesis steps. This feedback, which is indicated by dashed upwards arrows 

in the figure, is used to guide the optimisation process towards the satisfaction of design 

constraints. The following sections explain the co-synthesis flow shown in Figure 1.4 and 

the four subproblems in more detail. 

1.3.1 Architecture Allocation 

One of the first questions that needs answering during the design of a new embedded sys-

tem is what system components (processing elements and communication links) should be 

used in order to implement the desired product functionality. This part of the co-synthesis 

is known as architecture allocation. Generally, there are many different target architec-

tures that can be used to implement the desired functionality. Problematic, however, is 

the correct choice as indicated in Figure 1.5. The overall goal of the co-synthesis process 

is to identify the "most" suitable architecture. Certainly, the "most" suitable architec-

Architecture 1 

CPU 1 
(fast) i 

MEM] 

• 
ASIC 1 

CPU 2 
(slow) 

MEM 

Power consumption: 650mW 
Production cost: $115 

Architecture 2 

FPGA 

[ MEM ] 

( MEM J ASIC 

Power consumption: 480mW 
Production cost; $190 

Figure 1.5: Architectural selection problem 

ture should provide enough performance for the application in order to satisfy the timing 

constraints, while, at the same time, cost, design time, and energy dissipation should be 
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reduced to a minimum. The importance of architecture allocation becomes clearer when 

considering the advantages and disadvantages associated with processing elements of var-

ious kinds. Table 1.1 gives the most relevant component trade-offs. Consider, for instance, 

GPPs ASIPs FPGAs ASICs 

Cost + 4- + 4- 0 — 

Flexibility + + + 0 

Performance - 0 + + + 
Energy-Efficiency - 0 + + + 

Table 1.1: Trade-offs between serveral heterogeneous components 
(+ + = highly advantageous, + = advantageous, o = moderate, 
- = disadvantageous, - - = highly disadvantageous) 

the two processing elements (PEs): general-purpose processor (GPP) and application spe-

cific integrated circuit (ASIC). While software implementations on off-the-self GPPs are 

more flexible and cheaper to realise than hardware designs, the ASIC offers higher per-

formance and better energy-efficiency. Similarly, the application specific instruction set 

processors (ASIPs) and field-programmable gate arrays (FPGAs) show different trade-

offs. Of course, the non-recurring engineering cost (NRE) is mainly important for low 

volume products. For high volume applications this cost is amortised and becomes less 

important. Certainly, selecting the appropriate system components, in order to balance 

between these trade-offs, is of utmost importance for high quality designs. The intention 

of system-level co-synthesis tools is to aid the system designer in effectively exploring 

the architectural design space, in order to find a suitable target architecture rapidly. 

1.3.2 Application Mapping 

Following the co-synthesis flow given in Figure 1.4, the next step after architecture alloca-

tion is /Mapping. During this step the tasks and cormnunications of the system 

specification are mapped onto the allocated processing elements (PEs) and communica-

tion links (CLs) of the architecture, respectively. Figure 1.6 illustrates two different map-

pings of a system specification onto identical target architectures. These two mappings 

differ in the assignment of task X4, which is either mapped to the ASIC (Mapping 1) or 

to CPU2 (Mapping 2). Mapping explicitly determines if a task is implemented in hard-

ware or software, hence, the term hardware/software partitioning is often mentioned in 

this context. Due to the heterogeneity of processing elements, the mapping specifies the 
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Figure 1.6: Application mapping onto hardware and software components 

execution characteristics of each task and communication. Consider, for example, the exe-

cution characteristics of the tasks shown in Table 1.2. This table gives the execution times 

CPUl CPU 2 ASIC (SOmnP-, 
(6502 @lOMHz) (ARM7 mOMHz) Technology: 0.6jtt7n) 

Task texe Pdyn texe Pdyn texe Pdyn A 
(ms) (mW) (ms) (miy) (ms) (mTy) (mm^) 

to 8&3 3.6 12.1 23 1.8 0.13 7J6 
25^ 3.9 3.0 26 0.3 0.05 5.82 

T2 19.7 4.4 2.8 28 0.2 0.07 9.71 

T3 31.1 3.8 4.7 28 0.4 0.02 1252 
T4 172.2 3.9 223 27 2.7 0.12 845 
75 272 4.2 3.5 24 0.6 0.02 3.74 

Table 1.2: Task execution properties (time and power) on different processing 
elements 

texe and power dissipations P̂ yn of each task in the specification of Figure 1.6, depending 

on the mapping to a 6052 8-bit microprocessor (running at lOMHz), an ARM7TDMI 32-

bit microprocessor (running at 20MHz), or an ASIC in O.SfJim technology which offers a 

usable die size of SOmrrP". In addition to the time and power values, the hardware area A 

required for tasks implemented on the ASIC is given. In general, hardware implemen-

tations are more efficient in terms of performance and power consumption than software 
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realisations. However, the design of hardware is a more time consuming process. Clearly, 

determining a good mapping solution is of crucial importance for the system design. Inap-

propriately distributing the activities among the components can result in poor utilisation 

of the system, necessitating the allocation of an architecture with higher performance, 

hence, increasing the system cost. 

1.3.3 Activity Scheduling 

Moving further in the design Aow of Figure 1.4, the next step after application mapping 

is acrzvzYy The function of scheduling is to order the execution of tasks and 

communications (both activities) such that timing constraints are satisfied. This is not a 

trivial problem, since several activities mapped onto the same component cause conges-

tion, which, in turn, hampers the effective exploitation of parallelism in the application. 

Hence, a good schedule should allow to exploit this parallelism effectively in order to 

improve the system performance. 

Given an allocated architecture and a mapping of tasks and communication as well as 

a task graph specification. Figure 1.7 depicts two possible schedule solutions (Schedule 1 

and Schedule 2). According to the system specification, the execution of the tasks 1:4 and 

T5 must be finished before deadline 9 is exceeded. Thus, if the deadlines are violated 

the schedule is invalid. Consider the following scheduling scenarios given in Schedule 1 

and Schedule 2 of Figure 1.7. After the initial task To has finished its execution, the 

communications Yo,i and YO,2 become ready. However, since both communications need 

to share the same bus it is necessary to sequence the transfers, since only one transfer is 

possible at a given time. Thus, a scheduling decision has to be taken at this point. The 

first schedule shown in Figure 1.7 corresponds to a schedule in which communication 

Yoj takes place before communication Yo,2. As it can be observed from this schedule, the 

executions of tasks T4 and T5 finish before deadline 8, hence, this solution represents a 

valid schedule (r/i < 8). On the other hand, if communication Yo,2 is scheduled before 

communication Yo,i, as shown in Schedule 2, the execution of task Ti is delayed, which 

further delays task T3 and communication Y3,5. Ultimately, the execution of task T5 starts 

too late to finish the execution before deadline 8. Thus, the second schedule represents an 

invalid solution (f/2 > 8)-



1.3 Co-Synthesis 13 

Architecture and Mapping 

C P U 1 C P U 1 
X 

©© 1 

' MEM ] 

F CPU 2 

1 

mwemJ 

ASIC 

Spatial place of execution 

Task Graph 

'3,5 T T 

Precedence constraints 
( • =Communlcation via bus) 

precedence constraints 

CPU 1 

deadline 
a) CPU 2 

h ASIC 

CPU 1 

« CPU 2 

o ASIC 

Figure 1.7: Two different scheduling variants based on the same allocated archi-
tecture and identical application mapping 

1.3.4 Energy Management 

Having allocated an architecture as well as having mapped and scheduled the application 

onto it, the next step within the co-synthesis flow of Figure 1.4 is the utilisation of energy 

management techniques. This step is necessary to accurately estimate the energy require-
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Figure 1.8: System schedule with idle and slack times 

ments of the system, which is used to guide the optimisation of allocation, mapping, and 

scheduling towards energy-efficient designs. In general, energy management techniques 

exploit idle times and slack times within the system schedule by shutting down processing 

elements (PEs) [25, 87] or by reducing the performance of individual PEs [33,144]. Idle 

times and slack times are defined as follows; 

• Idle times refer to periods in the schedule when PEs and CLs do not experience any 

workload, i.e., during these intervals the components are redundant (see Figure 1.8). 

• Slack times is the difference between task deadline and task finishing time of 

sink tasks (tasks with no outgoing edges), i.e., slack times are a result of over-

performance (see Figure 1.8). Clearly, slack time is a special case of idle time. 

Two important energy management techniques are dynamic power management (DPM) 

[25,87,134] and dynamic voltage scaling (DVS) [33,72,74,144]. DPM puts processing 

elements and communication links (both components) into standby or sleeping modes 

whenever they are idle. Nevertheless, the reactivation of components takes finite time and 

energy; hence, components should only be switched off or set into a standby mode if the 

idle periods are long enough to avoid deadline violations or increased power consump-

tions [25,88]. DVS, on the other hand, exploits slack time by reducing simultaneously 

clock frequency and supply voltage of PEs. Thereby, DVS adapts the component perfor-

mance to the actual requirement of the system. In this way, substantial saving are achieved 

since the energy consumption of the system components is proportional to the square of 

the supply voltage {E V^) [35]. The basic concept behind DVS is demonstrated in Fig-

ure 1.9. It can be observed from Figure 1.9(a) that tasks 14 and X5 finish execution before 

deadline 8. As indicated in the figure, this results in slack time. Instead of switching-off 



1.4 Hardware and Software Synthesis 15 

dMdJine deadline 

Slack CPU2 

ASIC K I 

(a) Unsealed execution 
at nominal supply voltage 

(b) Scaled execution 
exploiting slack times 

Vdd f E 

Figure 1.9: The concept of dynamic voltage scaling 

the components during these times (as done by DPM), it is possible to prolong the execu-

tion of all six tasks. This is achieved by scaling down the supply voltage and frequency 

of the processing elements until the tasks T4 and T5 just finish on time (as shown in Fig-

ure 1.9(b)). The main problem that needs to be addressed here is how to distribute the 

available slack time among the tasks, in order to achieve the "highest" possible energy 

savings. 

Nevertheless, the effectiveness with which DPM and DVS can be applied depends sig-

nificantly on the available idle and slack times. A worthwhile optimisation of allocation, 

mapping, and scheduling must take the optimisation of idle and slack time into account, in 

order to allow a most effective exploitation of both techniques [64,72, 88,89]. In general, 

such an optimisation requires the iterative execution of the co-synthesis steps (allocation, 

mapping, scheduling), until the "most" suitable implementation of the system has been 

found [63,89], 

1.4 Hardware and Software Synthesis (Step C) 

The previous section has outlined the system-level co-synthesis (Step B in Figure 1.2), 

which transforms an abstract specification into an architectural description of a mixed 

hardware/software system. The final step in the embedded system design flow is the 

concurrent hardware and software synthesis (Step C in Figure 1.2). This step brings the 

mixed hardware/software description of the system down to a physical implementation, 

i.e., the specification fragments (tasks) that have been distributed among the hardware 
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and software components of the system need to be realised. This is achieved through two 

separate, yet concurrent synthesis steps: hardware synthesis and software synthesis. One 

of the main advantages of concurrent HW/SW design is the ability to check the correct-

ness of the overall system by means of simulation, i.e., the interaction between hardware 

and software can be co-simulated [115]. Note, whereas system-level co-synthesis targets 

the design of interacting components, the main aim of hardware and software synthesis 

is the design of the WivWwaZ hardware components and the software tasks running on 

programmable processors. 

Hardware Synthesis: The design of complex hardware components is based on existing 

very large scale integration (VLSI) synthesis tools [8,9,39,128,146,147]. Figure 1.10 

illustrates a possible hardware synthesis process that consists of three subsequent design 

steps. 

(a) A jynfAe.yzj' foo/ (or behavioural synthesis tool) [8,128,146] transforms 

a behavioural specification into a structural description at the register-transfer level 

(RTL). Here the individual components are represented by datapaths which execute 

arithmetic operations under control of a control unit. 

(b) The RTL description (e.g. in structural VHDL) is then translated into a gate-level 

representation using a Zogzc fooZ [9,10]. In this stage of the design, the 

control unit as well as the data path are structurally represented as netlists of logic 

gates. 

(c) The Anal layout mask (used for IC fabrication) is generated from the gate-level 

description through a Zoyowr fooZ [52]. Here the individual physical gates 

are placed and interconnections are routed. 

It should be noted that power reduction can be addressed at all three synthesis stages 

(high-level: e.g. clock-gating [27,147], gate-level: e.g. logic optimisation [41,95], mask-

level: e.g. technology choice [34,41]). However, independent of these low-level power 

reduction techniques, the previously discussed energy management techniques (DPM and 

DVS) can be applied at a higher level of abstraction (system-level) to further improve the 

savings in energy. In general, the higher the level of abstraction at which the energy 

minimisation is addressed, the higher are the achievable energy saving [110]. 
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Figure 1.10: Hardware synthesis flow 

Software Synthesis: Similarly to the hardware synthesis, all tasks that have been mapped 

to software programmable components have to be transformed from a high-level descrip-

tion (e.g. C/C+4-, JAVA, SystemC) into low-level machine code. A software translation 

hierarchy is shown in Figure 1.11 and consists of two steps: 

(a) The initial specification in a high-level language is compiled into assembly code. 

This is carried out either using standard compilers, such as GCC [1,2], or using spe-

cialised compilers that are optimised towards specific processor types (e.g. DSPs) 

[83]. The goal of the optimisation is the effective assignment of variables to reg-
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Figure 1.11: Software synthesis flow 

isters such that operations can be performed without "time consuming" memory 

accesses. 

(b) Once an optimised assembly code has been generated, the low-level code generation 

is carried out by processor specific assemblers that translate the assembler code into 

executable machine code. 

There exist also techniques for compiler-based power minimisation such as instruc-

tion reordering and reduction of memory accesses [84,139,140]. Further, sizeable power 

saving can be obtained through a careful algorithmic design at the source code level [133]. 

Clearly, such software power minimisation approaches and system-level energy manage-

ment techniques do not exclude each other. In fact, for a most energy-efficient system 

design both techniques should be considered. 
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1.5 Contributions and Thesis Overview 

This work presents novel techniques and algorithms for the automated design of energy-

efGcient distributed embedded system. In particular, the energy reduction capabilities of 

dynamic voltage scaling (DVS) are investigated and analysed in the context of highly 

programmable embedded systems with strict performance and cost requirements. The 

remainder of this diesis is organised as follows. Chapter 2 provides a survey of the most 

relevant and related works and outlines the necessary background information that is help-

ful for the understanding of the discussed subject. 

Chapter 3 introduces a novel technique for dynamic voltage scaling for distributed ar-

chitectures that effectively reduces the energy dissipation of the embedded system. This 

technique addresses the energy management problem discussed in Section 1.3. The pro-

posed approach considers the power variations inherent to the execution of different tasks, 

in order to increase the efficiency with which DVS can be applied. 

Based on this DVS technique, Chapter 4 introduces a new co-synthesis approach for 

distributed embedded system that potentially contain voltage-scalable components. Ap-

plication mapping and activity scheduling are optimised towards the effective utilisation 

of DVS, i.e., towards energy reduction. This optimisation simultaneously aims at the 

identification of solution candidates that fulfil the imposed timing constraint and reduced 

the system cost. 

Chapter 5 further extends the proposed co-synthesis approach towards the design of 

multi-mode embedded systems which integrate several different applications into a sin-

gle device. The introduced multi-mode co-synthesis aims at energy-efGciency as well as 

cost effective utilisation of the hardware components. It is demonstrated that substantial 

energy savings can be achieved without modification of the underlying hardware archi-

tecture, even when neglecting DVS. 

The techniques introduced in the preceding chapters and their algorithmic implemen-

tations have been combined into a new prototype co-synthesis tool for energy-efficient 

embedded systems. This tool is introduced in Chapter 6 and its usage is demonstrated 

using a real-life smart-phone that merges a cellular GSM phone, a digital camera, and 

an MP3-player into one device. Chapter 7 concludes the presented work and outlines 

potential areas of future research. 
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Chapter 2 

Background and Previous Work 

Reducing power consumption has emerged as a primary design goal, in particular for 

battery-powered embedded systems. Low power design techniques for digital compo-

nents have been intensively investigated over the last decade [26,96,103,109,141,147]. 

These techniques focus mainly on the optimisation of a single hardware component in iso-

lation. However, embedded systems are often far more complex than single components 

— they consist of several interacting heterogeneous components. Here the interrelation 

between the different processors and hardware blocks should be carefully considered dur-

ing the synthesis in order to achieve an energy-efhcient design. Two techniques that can 

be used for energy minimisation of distributed embedded systems are: dynamic power 

management (DPM) [22] and dynamic voltage scaling (DVS) [74,144]. These system-

level energy management techniques achieve energy reductions by selectively switching 

off unused components (DPM) or by scaling down the performance of individual compo-

nents in accordance to temporal performance requirements of the application (DVS). 

The aim of this chapter is to introduce the sources of power dissipation within dis-

tributed embedded systems and to outline how energy management techniques can be 

applied to reduce the dissipated energy (Section 2.1-2.3). Furthermore, an overview of 

the most relevant previous work is given, differentiating between general co-synthesis 

approaches without energy minimisation and co-synthesis approaches with energy min-

imisation (Section 2.4). 
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2.1 Energy Dissipation of Processing Elements 

The power fpg dissipated by computational components (CPUs, ASIPs, FPGAs, ASICs) 

of an embedded system, i.e. processing elements, is caused by two distinctive effects. 

First, jmric currents that occur whenever the processing element is switched on, even 

when no computations are carried out on this unit. Second, active computations cause 

switching activity within the circuitry that results in dynamic power dissipation whenever 

computadons are performed. Accordingly to both sources the total power dissipadon of 

processing elements is given by: 

PpE — Pstatic ~i~ Pdynamic (2.1) 

Both static and dynamic power dissipations can be further subdivided into two power 

components, each [34]: 

(22) 

PKtntir i dynamic 

The static power has two parts: leakage power and bias power While 

the dynamic power consists of short-circuit power and switching power 

Out of these four source of power dissipation, switching power is the dominant one 

which accounts for approximately 90% of the total PE power consumpdon [35]. The 

following discussion concentrates on this portion of the total power dissipation, simply 

referred to as power or dynamic power. It should be noted, however, that with shrinking 

feature size (< 0.07/im) and reduced threshold voltage levels, the leakage currents become 

additionally an important issue [34,116]. 

Switching power is dissipated due to the charging and discharging of the effective 

circuit load capacitance Cz, (parasitic capacitors of the circuit gates). To clarify the source 

of switching power consider the simple gate-level circuit shown in Figure 2.1(a) and 

in particular the inverter gate shown in Figure 2.1(b). This inverter undergoes the follow-

ing transitions. First, the input signal y is set to high (1), i.e., Tr1 is open (not conducting) 

while Tr2 is conducting. Accordingly, the circuit load capacitance Q. is discharged since 

Tr2 pulls the capacitance to ground. The load capacitance Ci represents the intrinsic ca-

pacitance of the inputs v and w of the AND and NOR gates. Now consider a transition from 

high (1) to low (0) at the input of the inverter y. In this case the transistor Tr2 is open and 
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Figure 2.1: Dynamic power dissipation of an inverter circuit [34] 

Tr1 connects the capacitance Cl to the supply voltage Vdd source, charging Q, via ic- The 

power dissipated by this transition is given by: 

Psw = Vdd • ic (2-3) 

where the dynamic current ic changes according the dynamic voltage on the output: 

ic = Cl • 
dt 

(2.4) 

Therefore, energy is transferred from the power supply to the load capacitance Cl- How-

ever, it can be observed that a transition from low to high at the input does not draw 

any current from the source, but instead discharges the load capacitance Q, via Tr2. This 

indicates that power, from the battery point of view, is only dissipated during output tran-

sitions from 0 to 1, i.e., when the load capacitance is charged. According to the above 

given observation, the energy consumption of the circuit is solely caused by transitions 

from low to high at the output of the gate. The dissipated switching energy ^ of one clock 

cycle, which takes a time of T, can be calculated as [34]: 

L I 
J Psw dt = Vdd- J ic dt — CL-

0 0 

2 
dd (25) 

' in order to prevent a confound usage of the terms power and energy, the following definition is used 
throughout this thesis. The term power dissipation refers to the physical value power, while the terms power 
consumption, energy dissipation, and energy consumption refer to physical value energy. 
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where the time 7 = 1 / / (period of on clock cycle) depends on the operational frequency 

/ at which the circuit is clocked. 

Although the above considerations were restricted to a single inverter gate, the same 

observations hold for more complex circuits, such as microprocessors [33]. As a result, 

the total energy E] drawn from the batteries by a PE performing a computational task 

T depends additionally on the number of clock cycles Nc needed to execute this task and 

the switching activity a . Therefore, the total energy is given by: 

(2.6) 

Dividing Equation (2.6) by the execution time of the task (7 TV )̂, the well known equation 

for power dissipation due to switching can be derived [34]: 

P l , = E l , - f ^ ^ = a - C L - V l - f (2.7) 

Considering Equations (2.6) and (2.7) leads to very interesting conclusions. If we assume 

that the load capacitance Cl is a constant given by the complexity of the design and 

the circuit technology, and further the switching activity is a constant depending on the 

computational task then: 

power (fiMipoZion (2.7)), if rAe 

COM Co/ifzWer a f/zaf rggwirgf 10/M,y 

<3 f E rwMMZMg of lOM/fz ofW 200miy. TTzz'j' co/Mpwrafzon 

an eMg/gy q/^200/Miy - 10/Mf = 27M7. opgroA'oMaZ^ggwg/zc}' z\y 

/ w m 1 0 M % ro 5M%, f/zg power co/ẑ z<mpfzoM c/f/ze procgj^^or ckcreafg^ 

fo lOOwzW ,̂ accoricZzMg fo Egz^afzom (2.7). A^everf/zeZgjj', fZze ̂ ggzzg/zcy rê Zz/c-

fzoM ZMcreoLyĝ  f/ze coMzpẑ fafzoMoZ n'me lO/na' fo 20mj^. TTzer^rg, f/ze 

(ZzMzpafgcZ grzgŷ gy remazna MMc/zangeii lOOmVy - 20/71:9 = 2my. ffence, fAe onZy 

poĵ z'̂ z/zZ); fo recfwce f/zg emerg); coM.yz<mpfzoM zj' fo re^Zwce f/ze czrcz/zY j'zzppZy 

vo/fagg Cycozzr.yg, rĝ fẑ czVzg f/zg ĵ zfppZ); voZfagg Mgcg^̂ j'zYargj' f/zg rg(fz(cfzo7z 

q/ f/zg ̂ ggz^gnc)' z/z or^fgr fo gM^wrg corrgcf opgrafzon, a j zY wzZZ 6g ^Aow/z zn 

fAg ybZZowzMg. 
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Figure 2.2: Supply voltage dependent circuit delay 

When reducing the supply voltage of a digital circuit, the time required for gate signals 

to settle is prolonged, which, in turn, increases the circuit delay [34]. The source of 

this increased circuit delay is simplified shown in Figure 2.2. The two sub-figures show 

the gate output voltage over time during a transition from low to high. While the 

Figure 2.2(a) corresponds to a transition at maximal supply voltage, Figure 2.2(b) shows 

a transition at reduced voltage. Subsequent gates recognise the signal as high as soon as 

the output voltage Vout exceeds the threshold voltage Vt. It can be seen that the reduction 

of the supply voltage leads to longer charging times until the threshold is reached 

(compare with (̂ 2). 

The circuit delay d, which is inverse proportional to the operational frequency / at 

which the component is clocked, can be approximated (error < 10%) as [31, 34]: 

with the technology dependent constant which is given by: 

C L 

(2.8) 

2 - W - - Cox 
(2.9) 

where the constants W, and Cox denote width of the sub-micron CMOS device, 

velocity saturation, and gate capacitance, respectively, which limit the charging current 

of load capacitance Cz,. Based on the energy equation (2.6) and the circuit delay equa-

tion (2.8), the normalised energy/delay trade-off can be derived as (see Appendix D): 

En 
y2 

(2.10) 
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Figure 2.3: Energy versus delay function using fixed and dynamic supply volt-
ages (considering Vmax = 3.37 and Vt = 0.8V) 

where Emax and Vmax denote the nominal values of energy dissipation and supply voltage, 

respectively. The normalised delay d* = d{Vdd)/d{Vmax) is represented by the circuit de-

lay at the scaled voltage over the minimal circuit delay at nominal voltage d{Vmax)-

While the constant Vb is given by; 

VQ = 
Vmax 

(211) 

Please note that Equation (2.10) differs from the energy/performance trade-off equation 

given in [67]. The reason for this can be found in the fact that the considered PEs em-

ploy lower level power reduction techniques, e.g., gated clocks that avoid switching in 

unused circuit parts. Based on Equation (2.10), the energy-delay trade-off curve given in 

Figure 2.3 shows the normalised energy dissipation dependent on the normalised circuit 

delay for two cases: (a) keeping the supply voltage fixed and (b) dynamically adjusting 

the supply voltage. For instance, executing a task at IQMHz instead of 3QMHz reduces 

the energy dissipation to approximately 33% of the nominal value when the supply volt-

age is lowered accordingly. On the other hand, if the supply voltage is kept fixed, the 

energy dissipation remains constant at the nominal value (see Equation (2.6)). 
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Figure 2.4: Block diagram of DVS-enabled processor [33] 

2.2 Energy Minimisation Techniques 

Having introduced the fundamentals of power dissipation in digital circuity, this section 

outlines two energy reduction techniques that have received considerable attention from 

academia and industry: dynamic voltage scaling and dynamic power management. 

2.2.1 Dynamic Voltage Scaling 

A relatively new energy minimisation technique, which leverages the energy-delay trade-

off described above (Section 2.1), is dynamic voltage scaling (DVS) [74,144,152]. DVS-

enabled processors have the ability to dynamically change their supply voltage and op-

erational frequency settings during run-time of the application. Hence, temporal per-

formance requirements of applications can exploit the energy/delay trade-off to reduce 

energy dissipation. Figure 2.4 shows a block diagram of a typical DVS-enabled proces-

sor [33]. A microprocessor core carries out the required computations. This processing 

unit is connected through a system bus to the static memory (cache unit) and the I/O bus 

interface. The heart of this system, which enables a dynamic voltage selection, consists 

of a DC/DC voltage converter, a specialised frequency register, and a voltage controlled 

oscillator (VCO). Supply voltage and operational frequency are changed by writing the 

desired frequency fd into the frequency register, i.e., these changes are earned out un-
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der software control. Upon writing the desired frequency into the register, the DC/DC 

converter compares this frequency with the current frequency (which clocks the mi-

croprocessor core, cache, and I/O interface) and either increases or decreases the supply 

voltage According to the changed voltage, the VCO adapts the system clock to a 

higher or lower frequency /c- Certainly, the whole voltage scaling process requires a 

finite time. Typical transition times are in the range of tenths of microseconds. For in-

stance, the prototype processor introduced in [33] is able to switch from SMBz (1.2V) 

to (3.8y), which represents a transition over the full voltage range, in around 

7Q[is. Nevertheless, the execution of instructions can be seamlessly continued during this 

transition. 

\Wous chip makers have recently introduced processors with DVS capability. For 

example, Transmeta introduced the Crusoe processor in 2000. This processor uses a DVS 

technique called LongRun, which enables the TM5600 model to run between 300MHz 

(1.2y) and (l.GV). In parallel with Transmeta, AMD introduced their imple-

mentation of the variable voltage processor with PowerNow!, the Athlon 4 [14]. The latest 

version can run at five different voltage (1.2V-1.4y) and frequency settings (<0.6GHz-

1.1G%). Intel has introduced the XScaZe processor in 2001 [13]. This processor type 

is based on a Strong ARM core and offers 16 different operational frequencies. Accord-

ing to the application specific standard product, the possible voltages/frequency settings 

vary. Only recently, Intel released the PXA800F processor [15] particular suitable for 

cellular phones. Based on an ARM core with XScale, this processor has the ability run at 

lOAMHz and 3l2MHz. The increasing availability of DVS processors adds credibility to 

the practicability of the DVS technique. Certainly, DVS is becoming an important energy 

reduction technique. 

2.2.2 Dynamic Power Management 

Unlike DVS, dynamic power management (DPM) is already around for quite a while. The 

main strategy of DPM is the shutdown of idle system components [25,87]. An advantage 

of DPM is its generality [22], which allows its usage not only for digital circuitry, but 

also for other system components such as displays, hard drives, and analogue circuits. 

DPM approaches often differ in the employed shutdown policies (or power management 

policies). For example, in its most aggressive strategy components are switched off im-
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mediately when they become idle. A second strategy is the timeout-based policy, which 

switches off components after a fixed idle interval. This policy is well known from the 

advanced power management (APM) widely used in today's notebook computers. Nev-

ertheless, since the restart of a component involves a time and power overhead to restore 

its fully functional state, such greedy policies might not result in power savings or may 

even increase the dissipated power [23]. Therefore, a careful consideration of the ap-

plied policies is necessary to achieve the highest possible power savings [22-24, 87]. The 

problem with most real-life systems is the uncertainty with which future events occur. 

The quality of a power management policy depends therefore on the accuracy with which 

the future behaviour of the system can be predicted, in order to start-up currently inactive 

components or to shut down currently active components at the right moment. 

2.2.3 Dynamic Power ]VIanagement versus Dynamic Voltage Scaling 

DVS and DPM are both useful techniques that help to reduce the energy dissipation of 

an embedded system. However, one valid question, which has not been discussed so far, 

is: "Why should one use a rather complex technique like DVS to slow down processing 

elements if it is possible to switch off components during idle intervals?" This question 

can be illustratively answered using a simple example. For clarity reasons, the timing 

overheads for voltage scaling and power management are neglected here. Consider the 

following situation. A processing element (processor) performs a certain task in 20m& 

and dissipates a power of 500mW when running with 33MHz at a nominal supply voltage 

of 3.3F and a threshold voltage of O.Sy. To meet the performance requirements of the 

application, the task needs to be repeated every 30ms. Thus, between each consecutive 

execution of the task there are of idleness during which the processor can be deac-

tivated (DPM). Under these circumstances the execution of task Xx results in an energy 

consumption of SOOmW - 20fM.y = 10%/. Figure 2.5 illustrates this situation. 

Now consider the execution using voltage scaling. The repetition time of 30ms allow 

to prolong the execution time of task from 20mg to 30Mw. That is, instead of shutting 

down the processor during the lOmf of idleness, the processor's performance is reduced 

from 33M% to 22M% (33M%/(30yMj'/20/m)). The lower frequency allows the reduc-

tion of the supply voltage from 3.3y to 2.6iy, according to Figure 2.3 and the tolerable 

increase in circuit delay of 33Mffz/22Mffz = 1.5. An exact equation to derive this volt-
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Figure 2.5: Shutdown during idle times (DPM) 

age is given in Appendix D, Equation (D.5). At this voltage and frequency values the 

processing element dissipates a power of 209.%mW (see Figure 2.6). Thus, the energy 

P 
(mW) 
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Figure 2.6: Voltage scaling to exploit the slack time (DVS) 

consumption is given by 209.8mW • = 6.29mJ, a reduction of 32.1% compared to 

the lOmJ dissipated when using DPM. This simple example has shown that the energy 

efficiency of DVS is superior when compared to DPM. In fact, DVS always performs 

better than DPM, whenever both techniques are applicable [72]. 

2.2.4 DVS and DPM in Distributed Embedded Systems 

Applying DVS and DPM to distributed embedded systems requires the careful consid-

eration of interacting tasks. Consider the schedule shown in Figure 2.7, which was al-

ready introduced in Chapter 1 (Figure 1.9, Page 15). For instance, by slowing down 

CPU 2 during the execution of task T2, the communications Y2,4 and Y3,5 are delayed, 

due to dependencies. This delay further influences the earliest possible start times of the 

tasks T4 and T5. These interdependencies further complicate the voltage scaling processes 

[19,64, 89,122], compared to single processor systems. Another observation which can 
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Figure 2.7: Combination of dynamic voltage scaling and dynamic power man-
agement 

be made from Figure 2.7(b) is that even after applying DVS to exploit the available slack 

there remain some idle periods in the system schedule. Clearly, further lowering the volt-

age and frequency would result in missed deadlines 9, i.e., infeasible solutions. However, 

it is possible to switch off idle components during idle times, without influencing the 

schedule. In order to achieve a high degree of reduction, dynamic voltage scaling and 

dynamic power management should be considered together. However, due to the higher 

efficiency of DVS, DPM should be applied after DVS. 

For DVS and DPM to be useful it is obligatory that the system experiences idle times 

(times where a certain components do not carry out an useful task) and slack times (times 

where a reduced system performance can be tolerated). Such idle and slack times can be 

found in distributed embedded systems due to four main reasons: 

(a) It is often the case for a given application to show various degrees of parallelism, 

i.e., not all PEs will be utilised constantly during run-time. See, for instance, the 

schedule in Figure 2.7(a). 

(b) The performance of the allocated architecture cannot be adapted perfectly to the 

application needs, since the allocation of "performance" is not given as a continuous 

range, but is rather quantised. 

(c) The allocated architecture is commonly over-designed to allow an incremental de-

sign process, i.e., designers try to decrease development time through the reuse of 

the hardware architectures over several product generations. This is only possible 

by leaving enough "performance headroom" for future applications [107]. 
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(d) Schedules for hard real-time systems are constructed by considering worst-case ex-

ecution times (WCETs), however, actual execution times of tasks during operation 

are, for most of their activations, smaller than their WCETs [131]. 

2.3 Energy Dissipation of Communication Links 

The preceding sections mainly concentrated on the power consumption of processing 

elements and suitable energy management techniques. However, in distributed hetero-

geneous system with interacting components, the transfer of data between processing 

elements additionally contributes to the overall energy consumption. Fast conmiunica-

tion is essential to avoid undesired contention of processing elements. Therefore, wide 

system buses (8 to 128 bit) and high-speed serial buses (CAN bus, I^C bus, USB, Giga-

bit Ethernet, Firewire, etc.) have become commonplace. With each transfer of data over 

the communication links (CLs), the line capacitance is charged and discharged, drawing 

a current from the I/O pins of the processing elements. The power dissipated by these 

currents is given by: 

= P (2.12) 

where P - is the effectively switched load capacitance of the bus lines, is the 

operational voltage of the bus, and ft,us is the operational frequency at which bits are 

transfered over the bus. Important for the battery-lifetime, however, is the drawn energy: 

(2.13) 

where denotes the number of bus cycles needed by communication y. One possibility 

to reduce this energy dissipation is to encode the data before transferring it. Such bus-

encoding techniques have been investigated with the aim of reducing the switching activ-

ity P [21,102,135]. Unlike the supply voltage of processing elements, the transmission 

voltage cannot be reduced easily due to reliability issues, that is, environmental noise 

potentially corrupts data during transfers at low voltages. Nevertheless, many communi-

cation interfaces allow operation at different communication speeds (Ethernet at lOMb/s, 

lOOMb/s, and IGb/s). In [86], Liu ef aZ. present a technique that appropriately selects 

the speed of processors as well as communication links, in order to reduced the overall 

energy consumption. Furthermore, DPM can be equally applied to CLs as to PEs, i.e., 

during intervals where no data is transfered the CLs can be switched off. 
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2.4 Previous Work 

This section briefly reviews the most relevant works in the area of co-synthesis for embed-

ded systems, distinguishing between co-synthesis approaches that neglect issues related 

to power and more recent co-synthesis approaches that aim at the reduction of power 

consumption. Due to the topic of this thesis, special emphasis is placed upon the latter. 

2.4.1 Co-Synthesis without Energy Minimisation 

Hardware/software co-synthesis is a Geld of active research since the early 90's and sev-

eral enlightening surveys have been published ever since [51,93,94,136,148]. Initially, 

most co-synthesis approaches targeted an architecture consisting of a single general-

purpose processor connected to one or a few ASICs. Therefore, the main goal was to 

split the application between slow-but-cheap software and fast-but-expensive hardware, 

to achieve the highest possible performance without exceeding a given cost constraint 

[48,49,65,80,118,145]. In these approaches special attention is given to different heuris-

tic algorithms that solve the computational expensive partitioning problem, while issues 

related to power consumption are neglected. Ernst et al. [49] presented a simulated 

annealing based partitioning which starts from an all-in-software solution. Nodes are 

moved towards hardware until a given timing constraint is satisfied. Gupta and DeMicheli 

[65,66] proposed a heuristic that iteratively moves nodes from hardware to software to 

reduce cost without the violation of imposed timing constraints. Kalavade and Lee [75] 

introduced a technique that utilises a global-criticality/local-phase measure to partition 

the system via a list scheduling approach [16]. Eles er aZ. [48] investigated a tabu-search 

partitioning algorithm, and a comparison to simulated annealing is provided. A genetic 

algorithm for hardware/software partitioning was developed in [118]. A comparison be-

tween simulated annealing, tabu-search, and genetic algorithm for one-CPU-one-ASIC 

architectures can be found in [145]. Other techniques that have been investigated include 

branch-and-bound algorithms [36] and dynamic programming [80]. 

More recent co-synthesis approaches target distributed heterogeneous architectures, 

i.e., architectures which potentially contain several processing elements and communica-

tion links of different types. The first work in this area was done by Prakash and Parker 

[108]. They formulated and solved the problem using mixed integer linear programming. 
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In a similar vein, Bender [20] applied mixed integer linear programming. In [149], Wolf 

developed a greedy heuristic which initially allocates a processing element for each task. 

Lightly loaded PEs are removed iteratively by re-assigning task to other components. 

Teich ef aZ. [137] applied an evolutionary approach to the system-level co-synthesis prob-

lem using a graph-based mapping model. Oh and Ha [100] introduced a co-synthesis 

framework based on heterogeneous multiprocessor scheduling [99]. Pop et al. [106,107] 

addressed co-synthesis problems that are typical to time-triggered communication proto-

cols and incremental design processes. Madsen and Bj0m-J0rgensen [91] investigated the 

co-design of embedded systems under memory constraints. 

2.4.2 Co-Synthesis with Energy IVIinimisation 

All the approaches introduced in the previous section greatly neglect the optimisation 

of energy consumption. However, the recent development of the portable-application 

market has intensified the interest in system-level design techniques for energy-efGcient 

embedded systems. The first approach that targeted the reduction of power dissipation 

throughout the co-synthesis process was proposed by Dave gf aZ. [37]. They developed 

a constructive algorithm based on energy levels, which makes the mapping of tasks en-

ergy sensitive. Dick and Jha [45] reported a multi-objective genetic algorithm based co-

synthesis approach. This framework simultaneously optimises the embedded system for 

cost, power consumption, and timing behaviour. 

Most recently, co-synthesis approaches started to integrate the consideration of en-

ergy management techniques. This allows to optimise the embedded system towards the 

effective utilisation of DPM and DVS, hence, the reduction of energy consumption. In 

[70], Henkel introduces a low-power hardware/software partitioning approach for core-

based systems. To avoid unnecessary high switching activity, the application is carefully 

partitioned into cores that can be selectively switched off. This technique is particu-

larly suitable for designs in which no clock gating is applied. Lu et al. [88] presented a 

greedy on-line scheduling technique that optimises the execution order of tasks towards 

the utilisation of DPM. The main idea is to cluster the execution of tasks instead of scat-

tering them, so that high shutdown overheads in terms of power and time can be avoided. 

Similarly, Brown et al. [30] developed a buffer insertion and scheduling technique for 

distributed systems that allows to reduce the shutdown overheads to improve the utili-
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sation of DPM. In [72], Hong et al. introduced a design methodology for low power 

core-based real-time systems-on-a-chip. A variable voltage scheduling technique for sin-

gle processor systems was proposed. Luo and Jha [89] developed a combined schedul-

ing technique for periodic executing tasks with dependencies as well as aperiodic tasks. 

Dynamic voltage scaling is considered in this scheduling context. Dependent tasks are 

scheduled statically. The schedulability of aperiodic tasks as well as the utilisation of 

DVS are improved by distributing available slack time evenly among the processing ele-

ments of a distributed architecture. The on-line scheduler serves the aperiodic tasks and 

considers resource reclaiming. The same authors further enhanced their approach towards 

a battery-aware scheduling with the aim to improve the battery discharge profile [90]. 

Gruian and Kuchcinski [63,64] extended a dynamic list scheduling heuristic to support 

DVS by making the priority function energy aware. In each scheduling step the energy-

sensitive task priorities are re-calculated. If a scheduling attempt fails (exceeded hard 

deadline), the priority function is adjusted and the application is re-scheduled. Bambha et 

oZ. [19] presented a hybrid search strategy based on simulated heating, in order to derive 

an energy-efficient voltage selection for individual tasks. Mapping and scheduling are 

based on a dynamic list scheduling approach [132]. 

The techniques proposed in [19,64,89] have a close relationship to the problems that 

are addressed in this thesis. However, despite their energy-efficiency, these previous DVS 

approaches for heterogeneous distributed embedded systems have assumed a p o w e r 

of processing elements during the energy minimisation. In reality this might 

not be true. For instance, low-level power minimisation techniques, such as clock gating 

[26,27], result in power variations during the execution of an application. The problem of 

considering these power variations during dynamic voltage scaling is addressed in Chap-

ter 3. 

2.5 Concluding Remarks 

This chapter has introduced the sources of power dissipation within distributed embedded 

systems. Two energy reduction techniques, namely dynamic power management and 

dynamic voltage scaling, have been outlined, and the advantage of DVS over DPM has 

been highlighted. Furthermore, an overview of most relevant previous works in the area 

of co-synthesis has been given. 



Chapter 3 

Power Variation-Driven Voltage Scaling 

Dynamic voltage scaling is a powerful technique to reduce the energy consumption of 

processing elements within embedded systems. By simultaneously scaling supply volt-

age and operational frequency it becomes possible to trade off between performance and 

energy dissipation. This effect can be used to exploit the temporal performance require-

ment of an application, in order to save energy. Previous approaches to DYS in distributed 

systems have assumed that the power dissipation of processing elements is independent 

of the executed instructions [19,64,89], Therefore, the voltage selection was carried 

out considering a constant power dissipation, in the following referred to as 

mWgZ. In practice this may not be true. For instance, modem IC designs often make 

use of low-level power minimisation techniques, such as clock gating to stop the switch-

ing activity in un-utilised blocks of the circuit [41,140]; gated clocks are also used for 

DVS-PEs [31]. Under such circumstances the power dissipation can vary considerably 

during the execution of different functions [29]. This chapter presents a voltage scaling 

technique that takes this power variation effect into account, in order to increase the po-

tential energy savings. The voltage scaling strategy is based on an energy-gradient driven 

heuristic, and the concept of mapped-and-scheduled task graphs is used to account for 

task and communication dependencies in a fast and effective way. 

The remainder of this chapter is organised as follows. Section 3.1 motivates the need 

for a refined voltage selection that accounts for power variations. Section 3.2 introduces a 

new voltage scaling technique which accounts for power variations. Experimental results 

are presented in Section 3.3. Finally, concluding remarks are given in Section 3.4. 
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3.1 Motivation 

This section motivates the consideration of power variations during the voltage scaling. 

The aim of this consideration is to improve the efficiency with which DVS can be applied. 

\Wations in the power dissipated by the individual tasks of an embedded system are 

caused due to the following two reasons: Firstly, modern IC designs make heavy use of 

gated clocks, i.e., unused circuity is selectively "turned off" by stopping the clock signal 

to it [41,140]; this holds also for DVS-PEs [31]. Thereby, unnecessary charging and dis-

charging of the circuit load capacitance is avoided, which, in turn, results in lower power 

dissipation (Equation (2.7), page 25). For example, in the case of a general-purpose pro-

cessor (GPP), including an integer unit and a floating point unit (FPU), it is not desirable 

to keep the FPU active if only integer instructions are executed. Hence, the clock signal 

to the FPU can be gated (stopped) during the execution of integer instructions, which will 

nullify the switching activity in the FPU. Thus, different tasks (different use of instruc-

tions) dissipate different amounts of power on the same processing element. In the case 

of an ARM7TDMI processor the supply current varies between 5.1mA and 18.3mA, de-

pending on the functionality which is carried out [29]. The second reason for the power 

variation effect is typical for core-based designs, where several different cores reside to-

gether on a single chip. Consider an ASIC accommodating four different cores: a FIR 

filter, an IDCT algorithm, a DBS encrypt/decrypt unit, CORDIC (coordinate rotation dig-

ital computing) algorithm. Clearly, these four cores vary considerably in complexity. For 

instance, logic synthesis results show that the FIR filter requires approximately three times 

less area than the DBS crypto unit [11]. This heterogeneity results certainly in different 

power dissipations, accordingly to which cores are active at a given time. 

Taking this power variations into account during the voltage scaling improves the 

overall energy efficiency, since the available slack time is distributed more fairly among 

the tasks. To illustrate the influence of power variation effects on the voltage selection, 

a motivational example is given next. However, before starting with the example, it is 

necessary to define the term which will be used throughout this chapter. 

DeGnition 3.1 An AÊ  as fAg AgfweeM f/ie eMgrg); 
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Figure 3.1: Architecture and specification for the motivational example 

Mathematically: 

AEx — Ex{tgxe) Exitexe + 

where and are calculated based on Equation (2.10). 

(3.1) 

• 

Motivational Example: Considering Power Variations dur ing Voltage Scaling 

The intention with this illustrative example is to motivate the consideration of power vari-

ation effects during the voltage scaling of heterogeneous distributed systems. This is 

done by using two different power models during the DVS optimisation: (a) the tradi-

tional povygr mWeZ (assuming constant power) [19,64, 89] and (b) a poM/er van-

anon which accounts for the power dissipation of each task (as proposed in this 

chapter). Additionally, in order to address the voltage scaling problem in the presents of 

power variations a new energy-gradient voltage scaling strategy is introduced. 

The starting point for applying any DVS technique is a scheduled (at nominal voltage 

and frequency) system specification consisting of tasks and communication, which are 

mapped onto an allocated architecture. In this simple example, the considered architec-

ture is composed of two heterogeneous DVS-PEs (e.g. a Transmeta Crusoe [78] and a 

StrongARM with Xscale technology [13]), as shown in Figure 3.1(a). Each PE has its 

own local memory to store the different tasks that are mapped onto it. These processing 

elements are connected through a single bus. The system specification is given by the task 

graph shown in Figure 3.1(b), including repetition rate ((|) = 2mj') and deadline constraints 

(84 = 1.6m.y and 83 = l.Sm^). Nominal supply voltage and threshold voltage for 
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the two PEs are given in Table 3.1. This table further shows the nominal execution times 

PEG (vmax = 5y,v; = i .2y) PE1 ( % ^ = 3 . 3 y , % = 0 . 8 n 
fz'fMg (/Mj') (/MW) (mj') powgy^Zis. (mW) 

To 0.15 85 0.70 30 

T] 0.40 90 0.30 20 

T2 0.10 75 0.75 15 

T3 0.10 50 0.15 80 

T4 0.15 100 0.20 60 

Table 3.1: Nominal task execution times and power dissipations 

and dynamic power dissipations of each task, according to their mapping (execution on 

PEO or PEl). Furthermore, the transfer times and power dissipation of the communication 

activities are shown in Table 3.2, reflecting the inter-PE communications through the bus. 

Communications between tasks on the same PE (intra communications) are assumed to be 

instantaneous, and their power dissipation is neglected, as in most previous co-synthesis 

approaches [28,37,45,80,89,105]. 

comm. A/Mg (/M.y) povyg/'cfzj'. (mW) 

YO-.I 0.05 5 

'Yt-*2 0.05 5 

Yl-^3 0.15 5 

Y2-.4 0.10 5 

Table 3.2: Communication times and power dissipations of communication ac-
tivities mapped to the bus 

One possible mapping and scheduling of the system tasks and communications onto 

the underlying architecture is shown in Figure 3.2, which describes the power dissipation 

over time, that is, the power profile of PEs and CLs. It can be observed that PEO accom-

modates task To and T4, while the remaining tasks (ti ,T2,T:3) are mapped to PEl. In accor-

dance to this mapping, two inter-PE communications over the bus are required between 

tasks To and TI as well as between tasks T2 and T4. The communication link CLO, con-

necting both PEs, shows these two communications, Yo-*i = ('[0,^1) and Y2-»4 = (1:2,1:4)-

The dynamic system energy dissipation of this configuration at nominal supply volt-

age can be calculated using the dynamic power values and execution times given in Ta-

bles 3.1 and 3.2. The tasks mapped to PEO (To and T4) consmne an energy of 0.15M.y -
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Figure 3.2: Power profile of a possible mapping and schedule at nominal supply 
voltage (no DVS is applied) 

^5mW -\-Q.l5ms • lOOmVF = 27.75/1/, while the tasks assigned to PEl (ti, %2-, Tg) dissi-

pate 0.3ms • 20mW + 0.75ms • \5mW + 0.l5ms • 80mW = 29.25/z/. Taking into account 

the communications on CLO (Yo->i and Y2-»4)> which consume 0.05ms • 5mW + O.lOms • 

5mW = 0.75/1/, the overall energy dissipation results in 27.75/1/ + 29.25/(/ + 0.75/J = 

57.75/(J. Obviously, since the execution of task X3 finishes at 1 .4ms and the task deadline 

is at 1.5m^, a slack time of O.lms is available, as indicated in Figure 3.2. The same holds 

for task T4, which finishes its execution after 1.5m^, leaving a slack of O.lms until its 

deadline of 1.6ms is reached. These slacks can be used to extend the task execution times. 

Thus, the DVS-PEs can be slowed down by scaling the supply voltage and accordingly 

the clock frequency, following the relation given in Equation (2.8). Let us consider two 

cases for the identification of scaling voltages: (a) When a fixed power model is used 

(power variations are neglected, as in previous work [19,64,89]), i.e., all tasks mapped to 

the same PE are assumed to consume the same constant amount of power, and (b) a more 

generalised and realistic power model allowing for power variations among the tasks (as 

proposed in this work). 

One approach to optimise the energy dissipation, which neglects the power profile, is 

to distribute the slack time evenly among the tasks, that is, in the given example each task 

is "stretched" using the same extension factor [64]. This is illustrated in Figure 3.3(a), 

where each task execution is extended using a factor of e = 1.074. For example, the 
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execution of task To was extended to 0.161mg (O.lSmf -1.074). Similarly, the remaining 

tasks. The extension factor can be calculated considering the longest path to the task with 

the smallest slack time. In the example at hand, both deadline tasks (Tg and 1:4) have a 

slack of O.lmf; hence, we have the choice (both possibilities would result in the same 

extension factor). Consider the path indicated in Figure 3.2, which involves the tasks To, 

Ti, T2, and T4. The extension factor e is given by; 

^ ~ f ( ^ ^ hiotni'^) 
-ce'z;, ^ TGo; 

where is the nominal execution time, denotes the slack time, and refers to 

all tasks on the path. Communications are neglected in this equation since they are not 

subject to scaling. Based on the execution values given in Table 3.1 and the O.lyM.9 slack 

time, the extension factor results in: 

(0.157Mĵ  + 0.3mf + 0.757Mf + 0.15/M.y)+0. 
e = ~ 1.074 

0.15fM:y + 0.37M:y + 0.757M.y + 0.15mj 

Thus, the extended task executions can be calculated as: fo = O.lSww - g = 0.16lMU, 

ti = 0.3ms • e = 0.322ms, t2 = 0.15ms • e = 0.806m5, ?3 = 0.15m5 • e = 0.\6hns, and 

= 0.15/7W - g = O.I6I7MJ. These execution times correspond to the schedule shown in 

Figure 3.3(a). In practice, extending a task is equivalent to executing the tasks at a lower 

performance, that is, at a lower operational frequency. This further allows to lower the 

supply voltages of PEO and PEl in accordance to the following formula, which has been 

derived from Equation (2.8) (see Appendix D for die derivation): 

+ A / ( ^ + 7711 ) ^ 

where (f* denotes the normalised delay, which, in this example, is equal to the extension 

factor e. The constant % is given by: 

vo = ( 3 . 3 ) 
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Thus, the reduced voltages of PEO is calculated as: 

= 4.788y 

using the nominal supply voltage = 57 and the threshold voltage = 1.27 as given 

in Table 3.1. In the same way, the scaled supply voltage for PEl can be calculated as 

= 3.16iy, using = 3.37 and % = 0.87. Adjusting the supply voltages of the 

PEs to theses levels, the task deadlines are still satisfied, and the power dissipations are 

reduced. According to Equation (2.7), the power dissipation of each task can be calculated 

using the following relation: 

considering that a is constant for a given task and that relation between reduced opera-

tional frequency and maximal operational frequency is equivalent to the inverse 

of the extension factor 1/g = Out of this, the individual power dissipations can 

be calculated as: fy^j(To) -85/MM^ . 1/1.074-(4.7887)^/(57)^-72.57miy,fwj^(Ti) = 

20mW -1/1.074 - (3.1617)^/(3.37)^ = 17.08mW, fvdd(T2) = 12.81mW, fv(f(f(T3) = 

68.337MW ,̂ and ^^(/(((T^) = 85.38fMl7. Taking into account the extended execution times 

and the energy dissipated by communications, the total energy consumption of the sched-

ule shown in Figure 3.3(a) results in: E = {ll.SlmW • 0.161/Mf + 17.08raW • 0.322mj + 

12.81mW •0.806m5 + 68.33mW-0.161ms + 85.38mW •0.161m5) + (5mW • 0.05ms+ 5mW • 

0.10ms) = 53.03/1/. This is equivalent to a reduction of 8.2%. 

Now consider the case when the generalised power model (allowing power variations) 

is employed during the identification of scaling voltages for the task executions. This op-

timisation is based on an energy-gradient that has been defined in Equation (3.1). For 

a simpler illustration of the method, a fixed time quanta size Af = 0.01ms is assumed, 

which is 10 times smaller than the available deadline slack (0.1ms). Having defined 

the time quantum size Af, it is now possible to calculate an energy-gradient AE^ for 

each task, using Equations (3.2) and (3.4)). For instance, consider task To. The en-

ergy dissipation of this task at nominal supply voltage can be calculated as Eo(0.15) = 

0.15ms - 857MW = 12.75/A/, using the values given in Table 3.1. Extending the execution 
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Figure 3.3: Two different voltage scaled schedules 

of the task by Ar = O.Olms from 0.\5ms to 0 . 1 i s equivalent to an extension fac-

tor of Q.l6ms/0.\5ms = 1.0667. The scaled supply voltage of PEO for this extension is 

4.8087 according to Equations (3.2). Running the task at this supply voltage would result 

in a power dissipation of 'S>5mW • 1/1.0667 • (4.808y)^/(57)^ = 13.69mW (using Equa-

tion (3.4)), and hence lead to an energy consumption of 13.69mW • Q.l6ms = 11.79///. 

Thus, the energy-gradient is given by AEo = 12.75/1/— 11.79/(J = 0.960/xJ. The energy-

gradients of the remaining tasks are calculated in the same way and result in; tsE\ = 

0.234/1/, Afg = 0.156/1/, AEg = 0.899/i/, and AE4 — 1.130/L/. Clearly, the task with the 

highest energy-gradient (in this case task X4) will improve the energy dissipation by the 

highest amount when extended by Af. Therefore, the first time quantum is assigned to 

task T4. In this manner, time quanta are iteratively distributed among the tasks until dead-

lines prevent further scalings. This optimisation process is illustrated through Table 3.3. 

The table shows the evolving energy-gradients for each of the five tasks and highlights the 

task to which a time quantum At = 0.0Im^ is assigned, that is, the task with the highest 

energy-gradient. The first row holds the energy-gradients that have been calculated just 

above. As mentioned, task T4 gains most out of an extension by At = O.Olm^. Hence, 

the time quantum is assigned to task T4, reducing its energy consumption by 1.130/(J 

from 15/1/ to 13.870/i/. Having extended this tasks, its energy-gradient needs to be recal-
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Energy-gradient AE (/i/) 
iteration To Tl 12 T3 T4 

1 0.960 0.234 0.156 0 j # 9 1.130 
2 0.960 &234 0.156 O j # 9 0.965 
3 0.960 0.234 0.156 O j # 9 &833 
4 OjGO 0.234 0.156 0,899 &833 
5 &820 0.234 0.156 &768 0.833 
6 0.820 0.234 0.1.56 0J .68 0.7.25 
7 &708 0.234 0.156 0.768 &725 
8 0.708 0.2.34 0.156 0.663 0.725 
9 0.708 0.234 0.156 0.663 0.636 
10 0.616 0.234 0.156 0.663 0.636 
11 0.616 0.234 0.156 0^78 0.636 
12 0.616 0.234 0.156 0^78 0.562 
13 0.541 0.234 0.156 0.578 &562 
14 0.541 0.234 0.156 0.507 0^62 
15 0.507 
16 0.451 

extension 0.04 0 0 0.06 0.06 

Table 3,3: Evolution of the energy-gradients during voltage scaling 

culated as A E 4 = £ ' 4 ( 0 . 1 6 ) — £ ' 4 ( 0 . 1 7 ) = 13.870/xJ— \2.905jjJ = 0.965/1/. The updated 

energy-gradient is shown in the second row of Table 3.3 (iteration 2). No time quanta 

have been distributed to the tasks Tq, Ti, T2, and T3, thus, their energy-gradients remain 

unchanged. Considering the second iteration, task T4 still achieves the highest energy sav-

ing when extended by A? = O.Olm^, with AE4 = 0.965/1/. Therefore, task T4 is extended 

by a second Ar and its energy-gradient is updated to 0.833. In the third iteration task Tq 

gains most of an extension and thus is extended. This iterative extension of tasks is re-

peated until no further extensions are possible without violations of task deadlines. This 

can be seen, for example, in the 15'^ iteration. Here the previous task extensions result 

in a situation where the task 14 just finishes in time, i.e., before its deadline is exceeded. 

Any further delay of task T4 or of any task that influences the finishing time of task X4 (i.e. 

the To, Ti, T2) would render the schedule infeasible. For this reason the tasks To, Ti, T2, 

and T4 are removed from the list (Table 3.3). Similarly, the last remaining task T3 reaches 

its deadline after the 16f^ iteration. At this point, no further scaling is possible and the 

distribution of slack is aborted. Note, although time quanta of O.Olmj are distributed 16 

times, only the available slack of 0.1ms is exploited. This is due to the fact that some task 

extensions require slack from both PEs (because of task dependencies), while others are 
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restricted to the slack of one PE. The last row of Table 3.3 shows how much the individ-

ual tasks have been extended. Accordingly, the new execution times are given as follows: 

?o = Q.l5ms + Q.0Ams = Q.l9ms, t\ = Q.3ms + Qms = 0.3ms, = Q.15rns + 0ms — 0.75ms, 

3̂ = 0.l5mi'+0.06mj^ = 0.2lM^, andf^ = 0.15mg+0.06m& = 0.21nw. These extended ex-

ecution times allow to lower the supply voltages during the execution of tasks To, 'Cg, and 

T4 to 4.349V, 2.717y, and 4.113V (using Equation 3.2), respectively, while the tasks 

Ti and T2 are ran at nominal supply voltage. Thus, the power dissipations of the tasks 

= 50.77/MW, = 207^1^, = 15mM ,̂ = 38.74fMW ,̂ 

and = 48.33mVy. This results in a task energy dissipation of E = 50.77;MlV -

0.19/m-|- 20/Miy - 0.307Mj'-t- ISmW - 0.75m^-t- 38.74/MW - 0.21mj' + 48.33/MW - 0.21/?w = 

45.18/1/. Adding the communication energy, the total energy consumption is given by 

45.18/A/-t- (57MW - 0.05/M.y -K 5/MW - 0. lOm^) = 45.93^. This represents an energy reduc-

tion of 20.47%, which substantially higher compared to a reduction of 8.2% obtained 

with the power profile neglecting approach. Concluding, the power variations should be 

taken into account during the voltage selection in order to achieve further reductions in 

the energy dissipation. Previous DVS approaches for distributed system [19,64, 89] have 

considered the Axed power model, i.e., power variations were neglected. To overcome 

this limitation, the following section introduces a new voltage scaling technique capable 

of taking power variations into account with the aim to improve energy savings. 

3.2 Novel Algorithms for Dynamic Voltage Scaling 

Having briefly outlined a new energy-gradient-based voltage scaling strategy in the previ-

ous section and shown the advantage of taking the power variations into account, this sec-

tion introduces effective algorithms to implement this approach. Section 3.2.1 describes 

an novel energy-gradient voltage scaling, which is based on a new mapped-and-scheduled 

task graph structure (MSTG). In Section 3.2.2, this algorithm is enhanced towards discrete 

voltage selection. Section 3.2.3 analyses the computational complexity of the proposed 

voltage scaling algorithm. 
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3.2.1 Energy-Gradient-Based Voltage Scaling 

The aim of the introduced DVS approach for distributed systems is to identify scaling 

voltages under the consideration of power variation effects. This is done for the sched-

uled and mapped system specification, such that the total dynamic energy dissipation is 

minimised. The presented approach assumes that no restrictions are placed on the scaling 

voltages, i.e., the technique targets variable-voltage systems (nearly continuous range of 

possible supply voltages) rather than multi-voltage systems (small and limited number 

of potential supply voltages). One particular aim of the voltage scaling technique is the 

energy estimation during the co-synthesis. Therefore, low optimisation times are of cru-

cial importance, since the voltage scaling is executed in the innermost loop of an iterative 

co-synthesis process. One step towards this goal is the mapped-and-scheduled task graph 

structure, which will be introduced as part of the following voltage scaling algorithm. The 

overall voltage scaling algorithm is stmimarised in Figure 3.4, which is outlined next. 

The input to the algorithm consists of the task graph specification, which has been 

mapped and scheduled beforehand onto a given system architecture. Furthermore, exe-

cution times and power dissipations are part of the architectural information, which also 

includes other necessary component properties, like the nominal supply voltage the 

threshold voltages etc. The minimal extension time Afmm denotes the minimal time 

quantum to be distributed in each step of the algorithm. It is defined in order to speed 

up the determination of the voltage selection by preventing insignificant small extensions, 

which would lead to trivial power reductions. 

To allow a fast and correct extension of task executions, which might influence other 

tasks and communications of the system due to interdependencies, it is beneficial to cap-

ture the schedule and mapping information into the task graph (line 01 in Figure 3.4). 

This can be achieved by generating a mapped-and-scheduled task graph (MSTG) struc-

ture, which is a transformed copy of the initial task graph. Figure 3.5 illustrates this 

transformation. The transformation consists of two steps, also given in the pseudo code 

of the MSTG_TRANSFORM algorithm (Figure 3.6): Firstly, all communications (edges) 

that are mapped to communication links are replaced by pseudo communication nodes 

and appropriate edges, thereby preserving the specified functionality. Secondly, all nodes 

mapped to a certain PE or CL are traversed in chronological order of execution and linked 

by pseudo-edges, if an edge does not already exist. In this way, the schedule and map-
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Algorithm: PV-DVS 

Input: - task graph C) 
- mapping 
- schedule 
- architectural information 
- minimum extension time 

Output: - energy optimised voltages V ûi{x) 
- dissipated dynamic energy E 

01: MSTG_TRANSFORM //Generate MSTG from 
02: Qg 0 
03: foraU (T e {Ar^y^ := f^(T) - + rg;(e(T:))} 
04: forall (x G T) {calculate fe) 
05: k ra l l (T E T) {if > Af^w then Qg := Qg + %} 
06: Af = if Af < Afmm then Ar = Af^m 

07: for all (T E Qg) {calculate AE('[)} 
08: reorder Qg in decreasing order of AE 
09: while (Qg f 0 ) { 
10: select first task lAEmox G Qg 
11 • ^exe i^AEmwc) '• — ^exe {^AEmca) 

12: update 
13: fbrall (% E T) {update and fg} 
14: forall (% E Qg) {if (rE(T) < Afmm) V (%) < 

thenQg 
15: Af = if Ar < Af^m then Af = Afmm 
16: forall (T E Qg) {update AE'(T)} 
17: reorder Qg in decreasing order of AE 
18: } 

19: delete MSTG 
20: return and V(T E CT) 

Figure 3.4: Pseudo code of the proposed heuristic (PV-DVS) algorithm 

ping are inherited into the task graph, and the influence of a task extension can be easily 

propagated through the system schedule by traversing the MSTG in a breadth-first order. 

Consider, for instance, the extension of task 1:2. The initial task graph (Figure 3.5(a)) does 

not reveal if the extension of task X2 has an influence on any other task or communication, 

except on task T4. However, the scheduling and mapping shown in Figure 3.5(b) indicates 

that an extension of task ^2 will influence die subsequent task T3. The MSTG shown Fig-

ure 3.5(c) captures this dependency through an pseudo edge between the tasks 1% and T3. 

The main advantage of this tactic lies within the linear time complexity of the breadth-
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Figure 3.5: Capturing the mapping and schedule information into the task graph 
by using pseudo edges and communication task 

Algorithm: MSTG_TRANSFORM 

Input: - task graph Gs(T,C) 
- scheduling and mapping information 

Output: - mapped and scheduled task graph (MSTG) 

01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 

12 
13 
14 
15 
16 
17 

forall (Y G O { //insert communication tasks 
if (Y is mapped to any link L) { 

insert new communication task Iq 
insert edge y? from task source(Y) to task Xc 
insert edge Y/ from task Xc to task sink(Y) 
remove y 

} 

} 

forall (K E ^ ) { //insert pseudo edges 
predecessor task Xp NIL 
traverse all task x^ mapped to K 
in chronological order { 

if (Tf ^ AT/Z.) A (Yf = Ar/Z,) 
insert edge yp^K from Xp to x^ 

else 
Xp = Tfj 

} 
} 

Figure 3.6: Pseudo code of task graph to mapped-and-scheduled task graph 
transformation 
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Arst search algorithm [59], which is leveraged to update the start and end times of all 

influenced activities (tasks as well as communications), due to voltage scaling. 

After the initial task graph has been transformed into a MSTG, the DVS continues 

with line 02 (Figure 3.4), where a priority queue Qg is initialised. In order to identify 

all extendable tasks, the algorithm calculates the available slack times of each hard 

deadline task "3̂  (line 03). This slack is given by the difference between task deadline 

f(/(i;) and the task finishing time f^(T) +fMe(T), where and denote the task start 

and execution time, respectively. The algorithm then calculates the available slack times 

of all tasks, taking into account the interrelation between tasks and communications 

(line 04). For this purpose an inverse breadth-first search algorithm is used to visit all 

nodes of the MSTG to inherit the slack time of influenced tasks. If a tasks has several 

successors, the smallest slack is inherited to ensure that no deadlines will be exceeded 

during the voltage scaling. In line 05, the algorithm includes tasks with an available slack 

time fe greater or equal than the minimal extension time ATmrn iiito the priority queue Qg. 

In this way, tasks with negligible small or no extension possibility are excluded from the 

scaling process. The initial extension time Ar is calculated by dividing the smallest slack 

time among the extendable task (minfe) by the number of extendable tasks (line 06). 

This extension time, however, should not be smaller than the minimal extension time 

(the selection of an appropriate t̂ min will be discussed in Section 3.3). It is now possible 

to calculate the energy-gradients of all extendable tasks, that is, the tasks in the queue Qg, 

using the Equations (3.1), (3.2), and (3.4), as indicated in line 07. In line 08, die priority 

queue Qg is reordered in decreasing order of the energy-gradients. 

Now the distribution of slack starts. The algorithm iterates the steps between lines 09 

and 18 until no extendable tasks are left in the priority queue (Qg. In each of these iter-

ations the algorithm picks the first element from the priority queue, the task which leads 

to the highest energy reduction (line 10). This task is then extended by Ar and the energy 

dissipation value is updated (lines 11 and 12) according to Equations (2.8) and (2.10). 

In line 13, the extension is propagated through the MSTG, since successor tasks might 

have been affected by the extension in terms of start time end time fg = -1- fete, and 

available slack time (g. This propagation is carried out using a breadth-first search to visit 

all successors of the extended task, i.e., tasks and communications that might have been 

affected by the extension. In the next step (line 14), inextensible tasks are removed from 

the extendable task queue Qg if their available slack fe is smaller than the minimal ex-
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tension time Afmw, or their scaled supply voltage is smaller or equal to the threshold 

voltage V}. Taking into account the tasks in the new extendable queue, the time quantum 

Az is recalculated (line 15), and based on this value, the energy-gradients AE are updated 

(line 16). The priority queue Qg is reordered according to the new energy-gradients 

(line 17). At this point, the algorithm either invokes a new iteration or terminates, based 

on the state of the extendable task queue. On algorithm completion, the MSTG copy 

is deleted and the scaling voltages for each task execution as well as the total dynamic 

energy dissipations are returned (lines 19 and 20). 

3.2.2 Discrete Voltages 

The algorithm, as described above, produces scaling voltages under the assumption that 

variable-voltage PEs are available that support continuous voltage scaling. However, it 

is possible to adapt the generated scaling voltages towards multi-voltage PEs, which are 

able to run at a restricted number of predefined voltages, as for example the case for the 

processor presented by Burd et al. [31,33], This processor has the ability to run at 15 

different operational frequency (5 to 80 MHz) and voltage settings. 

It has been shown in [74] that the two discrete supply voltages and < 

around the continuous selected voltage are the ones which minimise the 

energy dissipation, under the assumption that the time overhead for switching between 

different voltages can be neglected. Thus, the proposed approach can be used for voltage 

selection on multi-voltage PEs. Given a task T with execution time texe at the continuous 

selected voltage Vdd, then, in order to achieve minimal energy consumption, the same task 

T will execute on the multiple voltage PE for time units at the supply voltage and 

for (̂̂ 2 time units at supply voltage where 

êxe — d̂\ ~t~ (3-5) 

3.2.3 Algorithm Complexity 

As mentioned in Section 3.2.1, the voltage scaling algorithm is intended to be used within 

the innermost loop of the co-synthesis where scheduling and mapping are iteratively op-
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timised. Therefore, a moderate computational complexity is desirable in order to allow a 

thorough exploration of the design space in reasonable amounts of time. The complexity 

of the proposed PV-DVS algorithm can be derived as follows. The initial task graph can 

be copied and transformed into a MSTG in linear time. The W H I L E loop (line 09 in Fig-

ure 3.4) is executed in the worst case n • m times, where n is the number of nodes |T| in 

the graph, since all tasks might be extendable. However, depending on and Af, tasks 

might be extended more than once, and m, for the worst case, is the maximum number 

of such extensions. The inner part of the WHILE loop shows the following complexities: 

The propagation of extensions takes n + g in the worst case (g = |C| is the number of 

edges in the graph), since all nodes and edges might have to be visited by the breadth-first 

search (line 13). Removing inextensible tasks, again, might take n steps. At most n steps 

are needed to determine the new extension time A .̂ And Anally, updating the extendable 

queue takes n operations (the queue is implemented as Fibonacci heap [55]). All other 

calculations inside the WHILE loop are executed in constant time. Therefore, the time 

complexity of the proposed PV-DVS algorithm is given as 0{n- m{4n + e)). It should be 

noted that the extendable task queue Qg is progressively reduced from length » to 0. The 

reduction is not uniform since it might occur that suddenly (at the same time) many tasks 

become inextensible and are excluded from the queue. This, additionally, indicates that 

the complexity derived above is valid for the worst case. Furthermore, to account for 

DVS-PEs which run at discrete voltages, the suitable supply voltage have to been derived 

from the continues voltage. This can be done in linear time. In summary, the overall 

computational complexity (including MSTG generation, PV-DVS, and discrete voltage 

calculation) is quadratic in the number of tasks and communications. 

3.3 Experimental Results: Energy-Gradient based Dy-

namic Voltage Scaling 

To demonstrate the efficiency and the applicability of the proposed generalised DVS 

technique (considering the power variation model) in reducing the energy dissipation 

of heterogeneous distributed systems containing power-managed PEs, numerous exper-

iments and comparisons with previously published approaches [19,89] have been carried 

out. The DVS algorithm outlined in this chapter has been implemented using C++ on 

a Pentium-III/750MHz Linux PC with 128MB RAM. The used benchmark examples 
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consist of 7 task graphs taken from previously published literature [19,73] and 28 task 

graphs^ automatically generated using TGFF [44]. These benchmarks are used to cover 

a wide spectrum of application diversity. The complexity of these task graph examples 

varies between 8 to 100 tasks with 7 to 151 edges. The amount of processing elements 

(PEs) and communication links (CLs) in the technology libraries varies between 4 and 

16. The benchmarks used in this chapter are grouped into three major sets: 

(a) Our TGFF generated task graphs tgff4_fixed), and 

tgf f 17_m are mapped onto heterogeneous architectures containing power-managed 

DVS-PEs and standard PEs without DVS. Thus, these examples show varying 

power characteristics and component properties. The benchmark examples tgf f 4_t 

and tgff4_fixed are identical to tgff4 with slight modifications; tgff4_t de-

notes a task graph alternative with a critical tight deadline, while tgf f 4_f ixed uses 

only DVS-PEs with a fixed power dissipation. Similarly, the example tgff 17_m is 

a slightly modified version of tgff 17 with a different hardware architecture. 

(b) The examples of Hou and Wolf [73] are two hypothetical task graphs (Hou and 

Hou_clustered). The task graph Hou_clustered represents the same function-

ality as Hou but the task graph is collapsed fi-om 20 to 8 tasks. Since their tech-

nology library does not contain any DVS-enabled PEs, the given PEs are extended 

towards DVS capability (with = 0.8y and = 3.3y). These examples also 

show different power dissipations (power variations) among the tasks, unlike the 

first benchmarks set. 

(c) The applications used by Bambha aZ. [19] consist of two differently implemented 

fast Fourier transformations (fftl and f ft3), a Karplus-Strong music synthesis al-

gorithm (KarplO), a quadrature mirror filter bank (qmf4), and a measurement ap-

plication (meas). These benchmarks of moderate size (12-28 tasks) use 

architectures composed of 2 to 6 identical DVS-PEs, assuming constant power dis-

sipation. Supply voltages are between 0.8 and 7 volts. The throughput constraints 

and initial average power consumptions are calculated at a reference voltage of 5 

volts. 

The following experimental results are split into two sections. The first set of experiments 

concentrates on the influence of the power variation effect (Section 3.3.1), while the sec-

^ Available from http://www.ecs.soton.ac.uk/~ms99r/benchmarks.html 

http://www.ecs.soton.ac.uk/~ms99r/benchmarks.html
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ond demonstrate the importance of an appropriate selection of the minimal extension time 

(Section 3.3.2). 

3.3.1 Power Variations 

To demonstrate the influence of power variations on the efficiency of DVS, the PV-DVS 

algorithm (Section 3.2) is compared to a power neglecting approach, i.e., a DVS approach 

that makes use of the fixed power model. The power neglecting approach (in the following 

referred to as EVEN-DVS) is based on the intuitive idea to distribute available slack time 

gvenZ); among the processing elements, somewhat similar to the slack distribution idea 

used in [89]. 

Results of Benchmarks (a) and (b): 

Table 3.4 shows a comparison between the EVEN-DVS (fixed power model) and the PV-

DVS approach (power variation model) using the tgffl-tgf f25 benchmarks as well as 

the two examples from Hou gr aZ. [73] (Hou and Hou_clustered). In order to judge the 

complexity of the individual benchmark examples, the table gives the number of nodes 

and edges in the task graphs. The comparison between the two DVS approaches is car-

ried out with respect to the energy dissipation when no DVS is employed, i.e., when the 

tasks are executed at nominal supply voltage (highest energy consumption). Consider, 

for example, benchmark t g f f l 7 , which consist of 29 tasks and 56 communications be-

tween tasks. The unsealed execution (NO-DVS) of the application dissipates an energy of 

23459/1/. Using an even distribution of slack time (EVEN-DVS) this power consumption 

can be reduce to 20396.41/^, a reduction of 13.06%. However, considering the power 

variations by using the PV-DVS algorithm it is possible to further reduced the energy to 

I8334.01/(y, when compared to the nominal energy dissipation a reduction of 21.85%. 

For all examples shown in Table 3.4 it is assumed that the mapping and schedule have 

been pre-determined, using a static mapping and a schedule generated by a mobility-based 

list scheduling technique [150]. Thus, the energy reductions are solely achieved through 

voltage scaling. As expected, both the EVEN-DVS and the PV-DVS technique reduced 

the energy dissipation of the systems in all cases (Column 6 and 9). It can be observed 

that the proposed DVS heuristic (PV-DVS) was able to further reduce the energy dissipa-

tion of all examples, when compared to EVEN-DVS. Due to the particular implementation 
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NO-DVS EVEN-DVS PV-DVS (proposed) 
No. qy (power voTTarioM 

ExompZe EMerg); EMg/gy 
Dissip. (fiJ) Dissip. (fil) (%; Dissip. (iiJ) (%) 

tgfFl' 8 / 9 355 193.49 45.50 112.87 68.21 
tgm2 2 6 / 4 3 743224 722412.15 2.80 683954.54 7.97 
tgfG 4 0 / 7 7 554779 410653.67 25.98 267651.03 51.76 
tgff4 2 0 / 3 3 431631 402904.08 6.66 375914.03 12.91 

tgff4_t 2 0 / 3 3 431631 412854.36 4.35 397201.93 7.98 
tgff4_fixed 2 0 / 3 3 176723 142986.91 19.09 124905.61 29.32 

tgff5 4 0 / 7 7 4187382 3963647.60 5.34 3767450.25 10.03 
tgff6 2 0 / 2 6 1419124 1401605.68 1.23 1396445.06 1.60 
tgg? 2 0 / 2 7 2548751 2289878.34 10.16 1951579.52 23.43 
tgffs 18 /26 1913519 1774151.42 7.28 1668485.33 12.81 
tgfR* 16 /15 996590 974159.01 2.25 918048.34 7.88 
tgfflO 16 /21 69352 51263.60 26.08 46483.97 32.97 
tgfOl 3 0 / 2 9 4349627 4293736.56 1.28 4263279.98 1.99 
tgfF12 3 6 / 5 0 2316431 2243710.55 3.14 2212111.25 4.50 
tgffl3 3 7 / 3 6 2912660 2425431.77 16.73 2333338.86 19.89 
tgffl4 2 4 / 3 3 15532 1 13546.62 12.78 12479.41 19.65 
tgfF15 4 0 / 6 3 62607 62078.93 0.84 60334.62 3.63 
tgffl6 3 1 / 5 6 3494478 2913341.14 16.63 2518711.99 27.92 
tgffl7 2 9 / 5 6 23459 20396.41 13.06 18334.01 21.85 

tgffl7_m 2 9 / 5 6 153120 134988.02 11.84 113889.21 25.62 
tgfflg 2 9 / 5 7 1277704 1196851 6.38 665969 47.88 

tgfrig 14 /19 5939 4713.59 20.63 4395.37 25.99 
tgfGO* 19 /25 77673 48334.30 37.77 40280.98 48.14 
tgfGl 7 0 / 9 9 3177705 3175497.22 0.07 2658534.22 16.34 
tgfGi 100/135 5821498 5036657.40 13.48 4445545.63 23.64 
tgfQ3* 84 /151 11567283 10791880.89 6.70 10133912.03 12.39 
tgm24 80 /112 5352217 5349024.86 0.06 5238478.58 2.13 
tgH25 4 9 / 9 2 5735038 5648816.00 1.50 5502681.64 4.05 
Hou* 2 0 / 2 9 12265 10337.05 15.72 7474.55 39.06 

Hou_clustered* 8 / 7 14546 1 12661.78 12.95 10270.32 29.39 
'Components used for these examples consists of DVS-PEs only 

Table 3.4: Comparison of the presented PV-DVS optimisation with the fixed 
power model using EVEN-DVS approach 

of the DVS algorithm, which distributes slack evenly among the PEs (EVEN-DVS), also 

slack is allocated on non-DVS-PEs. Therefore, the higher energy reductions of the pro-

posed DVS algorithm are due to two facts. Firstly, the EVEN-DVS allocates slack time 

on non-DVS-PEs. These times, of course, cannot be exploited to lower the power con-

sumption. Secondly, the proposed DVS technique considers the power variations during 

the voltage scaling. This leads to better energy reductions (see Motivational Example 1, 

Section 3.1). To distinguish between both effects, architectures that consists of DVS-PEs 

only have been indicated in Table 3.4. In these examples, the higher energy reduction is 

solely achieved by taking the power profile into account. The remaining examples achieve 
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NO-DVS PV-DVS (power variation model) 
TVorfea/ Engrgy 

Dissip. (%j 

fftl 28/32 29600 18154 0.12 38.67 
fft3 28/32 48000 36772 0.13 23.39 

karplO 21/20 59400 47737 0.12 19.63 
meas 12/12 28300 25732 0.10 9.07 
qmf4 14/21 16000 12740 0.11 20.38 

Table 3.5: PV-DVS results using the benchmarks of Bambha et al. [19] 

increased energy efficiency due to both effects. It should be noted that it is hard to judge 

the achievable energy savings in a straightforward way, since the savings depend on task 

interdependencies as well as on the individual power dissipations of the given tasks. 

In order to get an idea about the voltages scaled schedules consider Figure 3.7. This 

figure shows the task execution of benchmark tgf f 17_m for three different situations. 

Firstly, Figure 3.7(a) depicts the schedule at nominal supply voltage, i.e., tasks are ex-

ecuted as fast as possible ( / = and hence, consuming the maximal 

energy. Secondly, Figure 3.7(b) corresponds to an even distribution of slack time. And 

finally, Figure 3.7(c) illustrates the scaled execution based on the proposed PV-DVS algo-

rithm. In this particular benchmark only one processing element (PE2) is DVS enabled, 

therefore, the execution properties of tasks mapped onto PEO and PEl are static. 

Results of Benchmark (c): 

The next experiments are concerned with the benchmark set used by Bambha et al. [19]. 

Since they use a different communication model (contention, requests for the bus, etc.), 

the throughput constraints had to be re-calculated. Therefore, a direct comparison be-

tween the results reported in [19] and the results presented here is not valid. Nevertheless, 

the re-calculation of the throughput was carried out for the same task mapping and ex-

ecution order as in [19], which is based on a dynamic level scheduling approach [132]. 

The results of these Ave examples, obtained using the PV-DVS method, are given in Ta-

ble 3.5. It can be observed that in all cases the energy was decreased, with reductions 

between 9.07% to 38.67%. Furthermore, the highly serialised structure of meas allowed 

us to calculate the theoretically optimal voltage schedule for this example. Using the op-

timal supply voltages results in 13% energy saving. The PV-DVS algorithm achieved for 

the same example a reduction of 9.07%, which is only 3.93% higher than the theoretically 
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Figure 3.7: Three identical execution orders of the t g f f l 7 _ m benchmark: (a) 
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the EVEN-DVS, and (c) the PV-DVS approach 
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Figure 3.8: Energy reduction quality dependent on minimal extension time A/^m 

optimal solution. The reason for this for this is the greediness of the PV-DVS algorithm 

which always slacks the task which achieves the highest possible energy savings on a 

single PE; however, scaling this single task might require slack on several different PEs. 

The presented results assume that computation and voltage scaling can be carried out 

concurrently, as the case of the processor introduced in [31]. Further, the time overhead 

needed by the processor to switch between two supply voltages is neglected since the 

used tasks are considered to be of coarse granularity. Therefore, the switching can be 

considered to be only a small fraction of the total task execution time (for real-world DVS 

processors this is in the range of 10-70/iy for a full transition from the highest to the 

lowest supply voltage and vice versa [31]). However, in the case of fine-grained task this 

overhead might influence the optimisation and should therefore be considered. 

3.3.2 Minimal Extension Time 

To give insight into the dependencies between the computation effort, solution quality, 

and the minimal extension time Afmm (see also the complexity analysis in Section 3.2.3), 

two additional experiments were conducted. In order to achieve accurate results, espe-

cially for the measurement of the optimisation times, the experiments are carried out 

using two large task graphs with 80 (tgff23) and 400 (largel) tasks. Figure 3.8 illus-



3.3 Experimental Results: Energy-Gradient based Dynamic Voltage Scaling 59 

1000 r 

100 

O 10 
B 

I ' 
00 

o 
0.1 r 

0.01 

0.001 
l e - 0 6 0.0001 

'time_tgff23.dat' 
' t ime_largel.dat ' 

mm 

10000 
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le+06 

trates the dependency between the minimal extension time Atmin and the solution quality 

(given as reduced energy E over nominal energy Eq). It can be observed that no energy 

reduction can be achieved until Atmin is smaller than the largest slack available in the ac-

tivity schedule (2364 for tgff23 and 29581 for largel, see Figure 3.8). Clearly, if the 

algorithm must distribute time quanta bigger than any available slack, it cannot perform 

any voltage reduction, and therefore E/Eq — I. But energy reductions can be achieved 

by decreasing Atmin to a value below the biggest slack that is present on a DVS-PE. In the 

case of example tgff23, the energy consumption approaches 87% of the nominal energy 

when reducing Atmin below 2364. Nevertheless, it is not desirable to decrease the minimal 

extension time too much, since the additional reductions become insignificant (the curves 

level out) and the unnecessary extension will only increase the computational time of the 

optimisation. 

The dependency between minimal extension time Admin and optimisation time of the 

DVS algorithm is illustrated in Figure 3.9, using a double logarithmic scale. It can be seen 

that with decreasing Atmin the optimisation time increases. Similar to the observations 

given before, the algorithm cannot start any optimisation before is smaller than the 

biggest slack given in the schedule (indicated by the vertical dashed lines in Figure 3.9). 

It is therefore important to find a good value for which trades off between solution 

quality and optimisation time. Finally, Figure 3.10 shows the energy reduction dependent 
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Figure 3.10: Energy reduction quality dependent on execution time 

on the optimisation time. As the plot illustrates, with an increasing the optimisation 

time decrease while the energy dissipation increases due to a less accurate calculation of 

the scaled supply voltages. 

These experiment have shown that a well chosen bdmin is essential for a fast and accu-

rate energy estimation using the PV-DVS algorithm. Accordingly, a good choice is impor-

tant to speed up the voltage scaling process. The following describes a heuristic method 

that has been used in the presented experiments to find an appropriate setting for 

each solution candidate. It is based on the observation that for all conducted benchmarks 

experiments the characteristics shown in Figure 3.8 and Figure 3.9 hold. With reference 

to Figure 3.8, the nearly linear (in a semi-logarithmic scale) energy drop, after decreasing 

A?mm below the highest DVS slack, is interpolated by a logarithmic function (indicated as 

"Interpolation" in Figure 3.8): 

); = a logz + P (3-7) 

where the constants a and P are calculated using two initial points in the quasi linear part 

of the graph. The first point (Point 1) corresponds to the highest available slack on 

any of the DVS-PEs, hence, matches the nominal energy dissipation. This point can be 

found in linear time and is indicated in Figure 3.8. To establish the second point needed 

for the interpolation, the DVS algorithm is run with a three times smaller than the 
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highest DVS slack to And its corresponding reduced energy dissipation For all used 

examples this was still in the steeply dropping part of the graph. The second point shown 

in Figure 3.8 was found in this way. Using both points, the constants a and P are given 

by: 

log(a;;) - log(Af°,,,) 

and 

|3 = E ° - a . l o g ( A r ° J (3.9) 

The resulting linear interpolation for example l a r g e l is shown in Figure 3.8. Of course, 

finding the second point has a computational overhead, however, as it can be seen from 

Figure 3.8 and Figure 3.9, this "investment" pays off when compared to a wrong choice 

of which could result in much higher computational time or much higher energy 

consumption than necessary. The next step towards a good value for tstmin is it to find a 

"rough" estimation for the achievable energy reduction Eg. For this purpose the average 

power dissipations on all DVS-PEs are calculated. The estimation used in the presented 

approach is based on the average power dissipation on each DVS-PE and the maximal 

available slack. Generally, such an estimation is too optimistic, i.e., it will be lower than 

the in reality achievable energy dissipation. An estimated energy dissipation for example 

l a r g e l is indicated in Figure 3.8. The minimal extension time could be set to the 

intersection of the energy estimation and the interpolated energy drop. However, in the 

proposed heuristic the value of AZ/M/M is set one order of magnitude lower (as indicated 

by the cross in Figure 3.8). This is done to account for the fact that an energy estima-

tion close to the real achievable energy reduction would be approximately one order of 

magnitude away from a good AfmM- On the other hand, if the energy estimation would 

be far below the real achievable energy reduction, the calculated would become 

unnecessary small. Therefore, no smaller than 2.5 orders of magnitude (compared 

to the maximal DVS slack) is allowed. This is based on the observation that all used 

benchmarks show similar characteristics, and that an ideal can mostly be found at 

maximal 2.5 orders of magnitude from the maximal DVS slack. It is fair to say, these 

extreme situations appear rarely during the optimisations process. 



3.4 Concluding Remarks 62 

3.4 Concluding Remarks 

This chapter has introduced a new energy minimisation technique for dynamic voltage 

scaling in distributed heterogeneous systems. The proposed technique is based on an 

energy-gradient based heuristic that takes into account variations in the power profile of 

DVS processing elements as well as the heterogeneity of the scalable components. In or-

der to keep the computational complexity low, a novel mapped-and-scheduled task graph 

(MSTG) structure was proposed, which allows the propagation of task extensions in linear 

time. The selection of the minimal extension time was addressed through a heuristic ap-

proach that leverage observations taken from extensive experiments. Experimental results 

have reinforced the argument that power variations should be taken into account, in or-

der to achieve higher energy saving compared to approaches that consider a fixed power 

model. Although the introduced PV-DVS algorithm has an overall quadratic computa-

tional complexity (while the fixed-power-model DVS can be applied in linear time), this 

complexity is low enough to scale system specifications of realistic size (10-100 tasks) in 

small amount of run-time. 



Chapter 4 

Optimisation of Mapping and 

Scheduling for Dynamic Voltage Scaling 

Chapter 3 has shown how the energy consumption of distributed embedded systems can 

be minimised using a dynamic voltage scaling (DVS) technique that accounts for the 

power variations (PV) of tasks. This PV-DVS technique was applied to applications that 

had been statically mapped and scheduled beforehand. Nevertheless, the efficiency with 

which DVS can be applied depends significantly on the available idle and slack times 

within the system schedule. Clearly, application mapping (Section 1.3, page 10) as well 

as activity scheduling (Section 1.3, page 12) affect considerably these idle and slack times. 

For this reason a co-synthesis, which incorporates mapping and scheduling, should tightly 

integrate the consideration of DVS, in order to find solutions that carefully increase the 

amount of available idle and slack times on the DVS-PEs. This chapter introduces new 

techniques and algorithms for scheduling and mapping in distributed systems, which aim, 

in addition to traditional design goals such as performance and area usage, at an optimised 

utilisation of the DVS-PEs, and hence the reduction of the energy consumption. The over-

all co-synthesis flow is outlined in Figure 4.1. As indicated, the introduced co-synthesis 

split into two steps: 

# Combined optimisation of scheduling and communication mapping 

# Task mapping optimisation 

The remainder of this chapter outlines this rwo-jfep co-synthesis process. The chapter 

is organised as follows. Section 4.1 concentrates on energy minimisation through sched-
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Section 4.2: Mapping 
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Figure 4.1: Co-synthesis flow for the optimisation of scheduling and mapping 
towards the utilisation of PV-DVS 

ule optimisation towards an effective utilisation of PV-DVS. Techniques and algorithms 

for the optimisation of task and communication mapping are introduced in Section 4.2. 

Section 4.3 demonstrates through the usage of a real-life example how the proposed tech-

niques can be applied in order to optimise the system implementation (including hard-

ware architecture) towards energy-efficiency. Finally, Section 4.4 gives a summary of this 

chapter and draws some conclusions. 

4.1 Schedule Optimisation 

This section is concerned with the scheduling problem of heterogeneous distributed sys-

tems that contain DVS-PEs. The scheduling of tasks and communications greatly influ-

ences how efficiently DVS can be exploited, due to the direct impact on the available 

slack times. In general, the more slack is available in the schedule, the higher will be 

the achievable energy savings by exploiting DVS. This, however, becomes much more 
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Figure 4.2: Specification and DVS-enabled architecture 

complex and does not hold always for distributed systems under the consideration of the 

power variation model. In such a case, the available slack for high energy dissipating 

tasks should be considered more important than the slack of tasks consuming a minor 

amount of power. 

This section first motivates the schedule optimisation under the power variation model 

in Section 4.1.1. This is followed by Section 4.1.2 which provides background informa-

tion about scheduling techniques and genetic algorithms. Section 4.1.3 introduces a new 

scheduling algorithm for energy minimisation through PV-DVS. Finally, Section 4.1,4 

presents experimental results. 

4.1.1 Motivational Example: Scheduling 

The purpose of this motivational example is to highlight the importance of taking power 

variations into account, while making energy-conscious scheduling decisions in the pres-

ence of DVS-PEs. Consider the system specification given as task graph in Figure 4.2(a). 

The seven tasks {TQ, . . . , T 6 } are mapped onto the architecture as shown in Figure 4.2(b). 

The architecture consists of two DVS-PEs (PEO, PE2) and one non-DVS-PE (PEl), which 

are connected through a single bus. The nominal supply voltage and the threshold 

voltage % of PEO and PE2 are = 3.37 and = 0.87, respectively, while PEl runs all 

tasks at (it cannot be scaled). The task execution times and power dissipations 

at nominal supply voltage are given in Table 4.1, which also shows the task mapping. 

For the sake of simplicity, the communications are neglected when discussing this partic-

ular example. Figure 4.3(a) shows a possible schedule for the tasks executing at nominal 
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Task exe. time tnom (ms) power dis. P,nax (mW ) mapped to 

t o 0.3 10 P E l 

Tl 0 .3 20 P E l 

T2 0.4 15 P E l 

^3 0.1 40 P E 2 

T4 0.4 70 PEO 

T5 0.2 90 PEO 

16 0.3 20 P E 2 

Table 4.1: Nominal execution times and power dissipations for the mapped tasks 
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Figure 4.3: A possible schedule not optimised for DVS 

supply voltage, i.e., at maximal supply voltage and consequently the highest energy dis-

sipation. According to the values given in Table 4.1, the energy dissipation of this sched-

ule can be calculated as £ = Y.xeT{Pmax{'^) • tnomi'^)) = 0.3ms • lOmW + O.'ims • 20mW + 

0.4ms- \5mW + 0.\ms • AOmW -t- O.Ams • lOmW + 0.2ms • 90mW -{-0.3ms-lOmW = llpJ. 

Considering the task deadlines given in Figure 4.2(a), it can be observed from the sched-

ule in Figure 4.3(a) that the tasks X3 and Tg are eligible for scaling, since Tg finishes 

execution after Ims, while its deadline is at 65 = l.Ams. Hence, leaving a slack of 0.4m^. 

An extension of any other task cannot be tolerated, since task T5 finishes execution just 

on its deadline 85 = \ .6ms. By scaling the schedule, using the proposed implementation 
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Figure 4.4: Schedule optimised for DVS considering the power variation model 

of the PV-DVS technique (taking power variations into account) presented in Chapter 3, 

the voltage schedule shown in Figure 4.3(b) can be produced. In this scaled schedule 

the tasks T3 and Tg execute at 2.087 and 2.347, respectively. Using Equation (2.6) and 

considering that the switched load capacitance • a • CL is constant for a given task, the 

energy consumptions of the tasks T3 and % are reduced to 

Vdd ^max N^a-Ci-Vl 

and 

^v'dd ~ • 20mW • 
(2.347)' 

(3.37): 

= 3.01/1/ 
(3.37)2 

Thereby, the total energy dissipation is given by 0.3ms • 10mT7 + 0.3 • 20mW + 0.4ms • 

15mW + 1.59fJiJ + 0.4ms -lOmW + 0.2ms • 90mW + 3.01 fil = 65.6//J. This represents a 

reduction of 7.6%. 

Now, consider a second feasible schedule at nominal supply voltage where the execu-

tion order of Ti and X2 has been swapped, as shown in Figure 4.4(a). This allows to start 

task T4 earlier, while the execution of task T3 is delayed. Since this re-scheduling does 
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not influence the nominal execution times and power dissipations, the nominal energy 

consumption remains E = 71/i/ (as in Arst nominal schedule of Figure 4.3(a)). Observ-

ing the schedule reveals that task % just finishes execution within its deadline constraint 

Gg = 1.4fMj', while task Tg terminates execution after l.Smj. This leaves a slack of O.Sww 

until its deadline 85 = 1.6m^ is met. Therefore, only the tasks T4 and T5 can be scaled. 

Applying the PV-DVS technique of Chapter 3 returns the scaling voltages V̂ dA = 2.74V 

= 2.41 y for the tasks T4 and Tg, respectively. Executing the tasks at these volt-

ages, the energy consumpdons are reduced to = 0.4mj' - - (2.74^)^/(3.3y)^ = 

19.3/(J and = 0.2/M^ - 90/MW - (2.41 V)^/(3.3V)^ = 9.6;(J. Hence, die total energy 

is reduced from llpJ to 0.3ms • lOmW + 0.3 • 20mW + OAms • l5mW + O.lms • AOmW + 

19.3/^4-9.6/1/4-0.37Mj^ - 20/MW = 53.9/i/. This is an improvement of 24.1%, while the 

Arst schedule achieved only a reduction of 7.6%. Note, although ± e schedule in Fig-

ure 4.4(a) shows less slack (0.37M )̂ than the one in Figure 4.3(a) (0.47M.y), its energy re-

duction is signiAcantly higher with 16.5%. Thus, more slack does not necessarily lead to 

increased energy savings. This is due to the particular power dissipadons when execut-

ing the different tasks. In summary, this example has demonstrated how important it is to 

take into consideration the power variations during the schedule optimisation. In the pres-

ence of power variations it is not always true that an increased slack time results in lower 

energy dissipation, hence an energy-conscious scheduling technique should consider the 

power variation model. 

4.1.2 Background 

This secdon provides brief background information and introduces the terminology that 

is used throughout the rest of this chapter. This regards scheduling techniques (Sec-

don 4.1.2.1) as well as genetic algorithms (Section 4.1.2.2). 

4.1.2.1 Scheduling Techniques 

In general, scheduling techniques can be broadly classified into two categories: on-line 

(dynamic) scheduling techniques [40,111] and off-line (static) scheduling techniques 

[16,82,99, 111]. The technique in the first class dynamically re-calculates the priori-

ties of tasks during run-time of die applicadon, i.e., the schedule can be changed during 

execution. Obviously, such approaches consume power and time during execution; dme 
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which could otherwise be utilised by DVS to lower the energy dissipation. In the second 

class, a static schedule is calculated once before the application is executed (pre-run-

time), i.e., the execution order of tasks and communications is maintained unchanged 

during run-time, hence, the power and time overhead is avoided. On-line scheduling are 

advantageous when no or only little knowledge is given about the tasks that have to be 

performed. In this case, the schedule can be dynamically adapted to the temporal needs 

of the application. However, embedded systems are often application specific, i.e., they 

execute a fixed set of tasks that is a priori known. Therefore, an adaption during run-time 

is not crucial for most embedded systems. In addition, off-l ine scheduling can guaran-

tee that tasks deadlines are met during run-time, while this is not generally the case for 

dynamic scheduling [111]. Due to these reasons, the techniques introduced in this thesis 

concentrate on static scheduling. 

Static scheduling for distributed systems that execute tasks wi th interdependencies has 

been intensively studied [16,28, 82,99,108,132,150]. This scheduling problem belongs 

to the class of NP-hard problems [58], i.e., the search space for scheduling problems of 

realistic size is huge (A^!, where is the number of tasks and communication). Hence, 

finding an optimal solution is extremely computational expensive. For this reason most 

scheduling techniques rely on heuristic methods that produced not necessarily optimal 

solutions, but solutions of high quality. One of the most widely used scheduling heuris-

tics is list scheduling (LS). List scheduling algorithms take scheduling decisions based on 

task priorities. They maintain one or more ready-lists which contain tasks that are ready 

to be scheduled. A static schedule is constructed by scheduling the ready task with the 

highest priority as soon as the eligible PE becomes available. Thereby, the assignment 

of priorities defines the task execution order. Most traditional LS approaches use var-

ious sophisticated algorithms to calculate these task priorities either statically [28,150] 

(before list scheduling) or dynamically [81,99,132] (re-calculation after each scheduling 

step). Another method for the determination of priorities is used in genetic list scheduling 

algorithms (GLSA) [42,62]. In contrast to list scheduling techniques, which produce a 

single schedule, GLSAs construct and evaluate many different schedules during an itera-

tive optimisation process. However, most of this research on LS and GLSA concentrates 

on performances aspects only, i.e., the system schedule is solely optimised to achieve the 

highest possible throughput or to meet the imposed task deadlines. On the other hand, 

the genetic list scheduling approach presented in this chapter (Section 4.1.3) aims to find 
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schedules that simultaneously meet the system performance requirements and reduce the 

energy consumption by effectively exploiting the DVS-PEs. As the name suggests, ge-

netic list scheduling approaches are based on genetic algorithms, hence, the following 

section briefly introduces the terminology and functionality of genetic algorithms. 

4.1.2.2 Genetic Algorithms 

Genetic algorithms (GAs) have been the subject of numerous investigations in the last 

decades, and they have been proven to solve di%rent search and optimisation problems 

successfully [17,60], By imitating and applying the principles of natural selection and 

"survival of the Attest" on a population pool (several solution candidates), they are able 

to evolve (optimise) solutions to real-world problems. Each solution (individual) of the 

problem to be solved is encoded as a string (chromosome) and is associated with a solu-

tion quality (Atness). Based on their fitness, the individuals are ranked within the solution 

pool. In each iteration (generation) the algorithm selects upon the highest ranked indi-

viduals and gives them the opportunity to reproduce by mating (crossover) with differ-

ent individuals of the population. This results in new individuals (offsprings) inheriting 

certain properties and features of the parent individuals, thus potentially increasing the 

probability to have higher solution quality. The produced offsprings replace the least 

ranked solutions in the population, which die out. New individuals are not only gener-

ated by means of crossover, but also by randomly changing (mutation) values (genes) of 

a chromosome, occasionally. This provides an additional opportunity to enter unexplored 

regions of the search space. The GA iterates until a certain stop criterion is fulfilled, for 

example, the maximum search time has been exceeded or no further improvement can be 

made. 

4.1.3 Genetic List Scheduling Algorithm 

In this section a new scheduling technique for energy minimisation through DVS is in-

troduced, which addresses the problem motivated in Section 4.1.1, i.e., scheduling under 

the consideration of the power variation model. As mentioned in the beginning of this 

chapter, the presented co-synthesis approaches splits task mapping and scheduling into 

two separate optimisation steps, although some synthesis techniques combine these steps 

within a single optimisation [28,42,62,75]. The decision to separate task mapping and 
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scheduling into two "independent" optimisations is based on the following two reasons: 

(a) The combination of list scheduling and mapping algorithms decide upon task pri-

orities which task is to be scheduled next, but at this point it is nor known where 

to execute the chosen task. Therefore, the execution time and power dissipation 

of the task are unknown as well. In this context, it is the duty of the scheduler to 

make a "greedy" mapping decision based on the power and time values with respect 

to the design objectives. However, DVS influences the execution times and power 

dissipations, hence, the mapping decision made upon the static values might proof 

to be wrong, especially from the energy reduction point of view. Separating the 

scheduling and mapping into two iterative optimisations overcomes this problem 

since the mapping is given before a schedule is constructed. 

(b) Due to the constructive nature of list scheduling and mapping algorithms a solution 

is constructed one by one. This results in a greedy approach, which is likely to 

get trapped at low quality or infeasible solutions in the presence of tight area and 

timing constraints. For instance, it is likely that the scheduler maps early tasks to 

fast hardware since hardware area is available. Nevertheless, the scheduling algo-

rithm cannot look ahead and hence no area might be left when later, timing critical 

tasks arrive. A solution to overcome this problem was presented in [75]. However, 

this approach neglects issues related to power and a straight-forward enhancement 

towards DVS is not possible due to multiple competing design goals. Neverthe-

less, by splitting the problem into two steps, this greediness problem is avoided and 

the advantage of an increased search space, which is explored iteratively, can be 

leveraged. Clearly, increasing the search space results in higher optimisation times, 

however, it will be shown in Section 4.1.4 that these times are still reasonable. 

The presented scheduling algorithm for the DVS problem under the consideration of 

the power variation model uses a genetic list scheduling approach to optimise the execu-

tion order of the tasks towards energy reduction and timing feasibility. It has been shown 

that the combination of genetic and list scheduling algorithms provides a powerful tool for 

the synthesis of multiprocessor systems. However, the proposed implementation varies in 

two fundamental issues from previous research [42,62]: 

® Instead of optimising the schedule solely for performance (reducing the make-
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Figure 4.5: List scheduling 

span), the proposed framework considers additionally the issue of energy minimi-

sation with respect to DVS under the power variation model. 

• The algorithms described in [42] and [62] employ a list scheduler which determines 

not only the execution order of tasks, but also their mapping. This combination is 

avoided in order to limit the greediness of the algorithm which would affect the 

solution quality. 

As opposed to constructive list scheduling technique, genetic list scheduling approaches 

do not determine one schedule using a sophisticated algorithm for the priority assign-

ment, but they construct and evaluate many different schedules during an iterative priority 

optimisation process. By encoding the task priorities into a priority string, it becomes pos-

sible to utilise genetic operators, such as crossover and mutation, to change task priorities 

and hence generate new scheduling solutions using static list scheduling. The principles 

behind genetic list scheduling approaches are outlined next. 

Principle of Genetic List Scheduling 

Genetic list scheduling approaches combine fast constructive list scheduling techniques 

with the optimisation power of genetic algorithms. The basic idea behind list scheduling 

is shown in Figure 4.5, which outlines the construction of a schedule for a single processor 

system. Consider the task graph with annotated priorities in Figure 4.5(a). In the initial 
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Figure 4.6: Task priority encoding into a priority string 

scheduling step all tasks with no ingoing edges are placed into a ready list', as shown 

in Figure 4.5(b), Step 1. For the given task graph ± is is solely task To. Being the only 

task in the ready list, task To is scheduled. After finished its execution, the tasks Ti, ^2, 

and Tg become eligible for scheduling (due to their data dependency on To); hence, they 

are placed into the ready list in decreasing order of their priorities (Scheduling Step 2). 

At this point T3 represents the task with the highest priority (9), hence it is scheduled in 

Step 2. Having scheduled task T3, task T5 becomes ready and thus it is placed into the 

ready list. These scheduling procedure is repeated until no tasks are left in the ready list. 

Since each scheduling step schedules one task, seven iterations are necessary. The Anal 

schedule is shown in Figure 4.5(c). Clearly, different assignments of priorities result in 

different schedules. This is where the genetic algorithm comes into the play. 

By encoding the task priorities into a priority string, as shown in Figure 4.6, it becomes 

possible to apply an genetic algorithm-based optimisation. The genetic algorithm aims to 

find an assignment of priorities that leads to a schedule solution of high quality in terms 

of timing behaviour and exploitable slack time. The main principles behind the genetic 

list scheduling algorithm are illustrated in Figure 4.7. These principles are based on two 

strategies: crossover and mutation. 

Crossover Example 

Out of an initial population pool that contains six priority candidate strings, the strings 1 

and 3 are selected. Offsprings are produced by replacing parts of the first parent string 

with parts of the second parent sting. Hence, crossover results in two new offsprings 

(child 1 and child 2). These new priorities are used to schedule the activities, in order to 

'For distributed systems consisting of several processing elements and communication links, a ready list 
is introduced for each component. Furthermore, priorities are additionally assigned to communications. 
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Figure 4.7: Principle behind the genetic list scheduling algorithm 

determine their quality. According to the quality, the produced strings are inserted into 

the solution pool. By selecting high quality strings for crossover, the chances to evolve 

priority strings of even higher quality are increased. The mating of two strings is carried 

out with respect to an arbitrarily selected crossover point. • 

Mutation Example 

In order to enter into unexplored regions of the scheduling space, the genetic algorithm 

mutates individuals of the solution pool occasionally (with a low probability). The mu-

tation is carried out by randomly changing genes of a randomly selected string. For 

instance, in Figure 4.7 string 2 is selected and its third gene is manipulated. The modified 

string is then reinsert into the solution pool. • 

Both crossover and mutation are applied during the iterative execution of the genetic 

algorithm. The algorithm terminates after a stop criterion is fulfilled. 

Genetic list scheduling approaches (GLSA) have several advantages compared to tra-

ditional (constructive) list scheduling methods. These advantages can be summarised as 

follows: 

• Multi-objective optimisation is an important feature that is supported by genetic 

algorithms. It provides the opportunity to simultaneously optimise the implementa-

tion towards competing goals and so allows the system designer/architect to choose 

between several suitable implementations with different properties. 

The enlarged search space (at most (ICTI + \C\)\ different schedules can be pro-
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duced) provides the opportunity to find solutions of potentially higher quality. 

# There is a large freedom to trade off between acceptable synthesis time and solution 

quality; as opposed to constructive techniques, where only one solution is produced 

rapidly. In addition, the search process can be initialised with such solutions that 

have been created by constructive techniques, and the GLSA can be used to further 

improve these. 

# GAs with parallel populations and migration schemes provide a powerful approach 

to leverage additional computational power of computing clusters, which are be-

coming more and more widespread. 

A drawback of any iterative improvement method for scheduling is the timing overhead 

involved in the successive construction of several scheduling solutions. Nevertheless, in 

timing critical scheduling situations the additional optimisation potential can be exploited 

to achieve timing feasible schedules and hence reduce the embedded system cost (this 

claim wi l l be justified through extensive experiments in Section 4.2.3). 

Implementation Details 

The following introduces a DVS optimised genetic list scheduling algorithm (EE-GLSA )̂ 

that addresses the execution order of tasks and communications under the consideration of 

the power variation model. The pseudo code of the EE-GLSA is show in Figure 4.8, which 

describes its features and implementation details. The solution pool (25 individuals) of the 

first generation is initialised (step 01) half and half by mobility-based [150] and randomly 

generated priorities (with values between the lowest and highest mobility), respectively. 

The mobility of a task is given by the difference between the as-late-as-possible (ALAP) 

start time and the as-soon-as-possible (start time) of a task [150]. This initial popula-

tion was empirically found to be a good starting point, leading to fast convergence (i.e., 

low optimisation times). The algorithm then enters the main schedule optimisation loop 

(step 02-10), which is repeated imtil no improvement of at least 1% (with respect to the 

best found feasible schedule) is made within 10 generations. Each iteration of the loop 

goes successively through the following steps. All new priority candidate strings in the 

solution pool are used by the list scheduling algorithm to generate schedules at nominal 

^Energy-Efficient Genetic List Scheduling Algorithm 
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Algorithm: EE-GLSA 

Input: - task graph TG 
- mapping and execution properties corresponding to 

the mapping 
Output: - timing and energy optimised schedule 

01: Initialisation: Create initial population pool P of priority 
strings, half randomly generated and half based on mobility. 

02: Perform List Scheduling: Generates, for each member of 
the solution pool, a schedule based on the corresponding 
priority string. 
a) Assign task priorities from the property string 
b) Invoke list scheduler without hole filling 

03: Perform Voltage Scaling: Invoke the generalised DVS tech-
nique, calculating supply voltages for each task executed on a 
DVS-PE. This is done under the consideration o f the indi-
vidual power dissipation of tasks. 

04: Assign Fitness: Compute fitness of each individual in the 
population pool. 
a) Calculate timing penalty 
b) Calculate energy based on ± e supply voltages 
c) Derive fitness based on energy and timing penalty 

05: Termination: If no improved individual (improve-
ment > 1 % ) has been produces for 10 generations, then 
terminate. Otherwise, continue with step 06. 

06: Ranking: Individuals are ranked according to their fitness. 
07: Selection: According to the size of the generational overlap 

select individuals for mating. High ranked individuals have a 
high probability to be selected. 

08: Mat ing: Produce two-point crossover between a pair of 
selected individuals. 

09: Mutat ion; Randomly change genes of individuals using a 
dynamic mutation probability scheme, with exponential 
decreasing probability during run-time. 

10: Offspring insertion: Exchange low ranked individuals by 
newly produced individuals with respect to the size of the 
generational overlap. Continue with step 02. 

Figure 4.8: Proposed EE-GLSA approach for energy-efficient schedules 

supply voltage (step 02). The implemented list scheduler relies solely on the task priori-

ties to make schedule decisions, i.e., no other techniques, like e.g. hole filling, are used 

to optimise the schedule. Although such techniques can improve the timing behaviour 

by eliminating idle periods in the schedule, the used list scheduler dissociate from them 
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since the DVS technique exploits exactly these idle times. For a simple example consider 

the task set given in Figure 4.9, mapped onto an architecture build out of two DVS-PEs. 

The task priorities are given on the right side of each task. According to these priorities, 

a static list scheduler can generate a feasible schedule, as shown in Figure 4.9. It can be 

observed that the tasks Tq, t i , and Tg can be scaled only a small amount until deadline d2 

is met. However, task T4 can utilise the idleness before task X2 starts execution, and task 

T3 can be scaled until the deadline <̂ 3̂ 4 is met. Let us consider now the employment of a 

hole filling technique. In this case the list scheduler would try in its last scheduling step 

to place task T3 into the idle period between task X4 and task T2. This decision, however, 

is fatally wrong from an energy reduction point of view, since the only available slack for 

all tasks would be the time between the execution of task T2 and the deadline dj, leaving 

not much headroom for voltage scaling. On the other hand, if the deadline ^3,4 would 

be identical with deadline d2, then the schedule displayed in Figure 4.9 would become 

infeasible and the schedule produced with hole filling would represent a better choice. To 

avoid such a dilemma, the used list scheduler solely makes scheduling decisions based 

on the task priorities, which are iteratively optimised. Therefore, the proposed EE-GLSA 

is capable of producing both schedule variants discussed above, and it evaluates their 

suitability with respect to timing and energy aspects to make an appropriate decision. 

After the list scheduling has constructed a schedule (step 02), the algorithm proceeds 

by passing the built schedules to PV-DVS algorithm of Chapter 3, which identifies scaling 

voltages that minimise the energy dissipation (step 03). Note that schedules which exceed 

hard deadline constraints are still scaled as much as possible and are not excluded from 

the optimisation. This is done since good solutions are likely to be found as result of 

transformations performed on invalid configurations. However, a time violation penalty 
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is applied in such cases, as explained next. The scaled schedule is evaluated in terms 

of deadline violations and energy dissipation including the DVS reductions. Based on 

this evaluation, the fitness Fs of each schedule candidate is calculated (step 04) using the 

following equation: 

/ \ / 

V ' \ 
Energy diss. 

i + I (4.1) 
^HP 

Time penalty 

where = T U C defines the set of all activities (tasks as wel l as communications) and 

%i represents the set of all hard deadline tasks. The first part of the equation is used to 

calculate the total dynamic energy dissipation of all activities e E Based upon the type 

of activity, the energy dissipation can be calculated in the following way, 

fmmc(E) - f»om(E) ' if E G %VS 

^ i f E E T \ % v s (4-2) 

fb(E)rc(E) i f E E C 

where and refer to the power dissipation and execution time of tasks at nom-

inal supply voltage, respectively. is the scaled supply voltage, represents the 

set of all tasks mapped to DVS-PEs, and Pc and tc denote the power and execution time 

of communication activities. It should be noted that the power dissipations and the ex-

ecution times of the tasks depend on the found scaling voltages which have been 

calculated using the PV-DVS algorithm introduced in Chapter 3. The second part of the 

fitness function introduces a penalty factor due to deadline violations of deadline tasks, 

= max (0, (f^(T) + fg%g(T)) - ^(((T)) (4.3) 

where f^(T) and re%g(T) denote the start time and the execution time (possibly scaled) 

of task T, and r^(T) refers to the task deadline. T^p represents the period of the hyper 

task graph (least common multiplier of all task graph periods), used to relate the deadline 

violation. Squaring has been applied in order to apply a higher penalty to larger violations 

of imposed deadlines. 

By guiding the optimisation with this equation, the search for schedules is pushed into 

regions where low energy feasible schedules are likely to be found. The algorithm 

then checks the halting criterion, as mentioned above. If the end of the optimisation has 
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not been reached, the algorithm continues (step 05) and the new priority candidates are 

ranked (step 06) and inserted into the solution pool based on their fitness values. Low 

ranked individuals of the pool are replaced (step 07) by new ones, which are generated 

through genetic crossover (step 08) and mutation (step 09). The employed GA is of 

steady state type, that is, not all of the individuals in the solution pool are replaced with 

each iteration (step 10). Steady state GAs where used due to their performance advan-

tages compared to generational GAs, as indicated in [114]. The generational gap was 

set to 50%, i.e., half of the individuals in the solution pool survive unchanged in each 

generation. The crossover is carried out by means of a random two-point crossover [60]. 

To avoid a premature convergence towards suboptimal schedules, the idea of a dynamic 

mutation probability is leveraged [53]. This approach gives the algorithm die additional 

feature and capability to easily escape local minima in the beginning of the optimisation 

run. The mutation probability follows the equation 1 / exp(% • 0.05) and is never allowed 

to drop below 15%. denotes the current generation during the schedule optimisation. 

The generated offsprings are inserted into the population, resulting in a new generation. 

At this point, the next iteration is invoked and so different schedules are tried out. 

4.1.4 Experimental Results: Schedule Optimisation 

This section demonstrates through several benchmark experiments that the genetic list 

scheduling algorithm EE-GLSA introduced in this chapter achieves high energy savings, 

particularly when considering power variations during the optimisation. The EE-GLSA 

has been implemented on a PentiumIIF750MHz PC using a publicly available library of 

genetic algorithms [143]. All reported results represent average values that have been 

obtained over ten optimisation runs. In addition to the benchmarks (a-c) described in 

Chapter 3, the experiments conducted in this section also concern the benchmarks set 

used in [64]. 

(d) Gruian's and Kuchcinski's task graphs [64] represent two sets (TGI and TG2) of 30 

randomly generated, communicating tasks with tight deadlines (determined by a 

critical path scheduling algorithm). These graphs show a high degree of parallelism 

and are mapped to architectures built of 3 or 10 identical DVS-PEs, assuming con-

stant power consumption. These PEs are multi-voltage processor able to run at 

3.3y, 2.5y, 1.7y, and 0.9^, while the threshold voltage Vf is 0.4y. 
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The following experiments are split into two sections. The first section concentrates on 

experiments that highlight the importance of considering power variations during schedul-

ing in order to increase the energy-efAciency. While the second section compares the 

genetic algorithm based iterative schedule optimisation with constructive list scheduling 

techniques. 

Power Variat ion Experiments 

As demonstrated in the motivational scheduling example at the beginning of this section, 

power variations can have a significant influence on the suitability of a schedule when 

DVS is applied. This section assesses this influence through the usage of several bench-

marks experiments. For this purpose Table 4.2 compares two different approaches; both 

are based on the same genetic list scheduling technique, however, the first approach con-

siders the fixed power model, while the second employs the power variation model. The 

table shows for both approaches the achieved energy reductions and computational over-

heads when applied to the benchmark set tgff. The achieved energy reductions using 

the fixed power model varied between 1.35% in the case o f tgffS and 51.89% in the 

case of tgf f3. However, in all cases the energy could be further reduced when consid-

ering the power variations using PV-DVS. In these cases the reductions varied between 

1.60% (tgf f 6) and 69.21% (tgf f3). Accordingly, up to 17.32% higher savings could be 

achieved solely by reordering the execution of tasks and communications. 

Clearly, an advantage of the EVEN-DVS technique (fixed power model) is its linear 

time complexity, when compared to the quadratic complexity of the PV-DVS algorithm 

(power variation model). This is also reflected in the reported optimisation time of Ta-

ble 4.2. As it can be observed, the optimisation times for the approach using a fixed power 

model varied from 0.12f in the case of tgff 1 to 1.19^ in the case of tgf f22. The opti-

misation times for the same benchmarks optimised under the power variation model vary 

between 0.14^ (tgf f 1) and 21.25j (tgf f22). I t is a classical trade-off between optimisa-

tion time and solution quality. 

Comparison w i th Constructive List Scheduling Technique 

In order to assess the quality of the new EE-GLSA technique to achieve high energy sav-

ings not only due to the consideration of the power variation model , this section provides 
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GLSA+EVEN-DVS EE-GLSA (GLSA + PV-DVS) 
(fixed power model) (proposed power variation model) 

Example Cffy Tbfa/ Total 
Energy (/!/) Reduction fi/Mg Reduction 

(s) (%) (%j 
Tgjfl 190.74 0.12 46.27 102.37 0.14 71.16 
TgfG 572920.30 0.20 22.91 545450.95 0.27 26.61 
TgfG 266906.88 0.33 51.89 170837.88 3.11 69.21 
TgfF4 377444.70 0.24 12.55 375778.35 0.97 12.94 

Tgfr4_t 405473.20 0.25 6.06 396579.23 0.62 8.12 
Tgff4_fixed 127867.31 0.26 27.65 124419.18 1.00 29.60 

TgfF5 3721136.80 0.37 11.13 3450291.60 2.41 17.60 
TgfF6 1399967.70 0.23 1.35 1396445.00 0.25 1.60 
Tgtn 1924999.80 0.20 24.47 1797520.40 0.27 29.47 
TgffS 1722056.40 0.19 10.01 1648321.50 0.20 13.86 
TgfKI 829607.95 0.18 16.76 774993.70 0.26 22.24 

TgfFlO 45324.61 0.17 34.65 44529.05 0.22 35.79 
TgfFll 3755206.40 0.22 13.67 3621739.60 0.42 16.73 
TgfTlZ 2212405.00 0.34 4.49 2198978.20 3.73 5.07 
Tgffl3 2342891.80 0.28 19.56 2315765.60 0.80 20.49 
TgfFM 11891.05 0.21 23.44 11752.85 0.25 24.33 
TgfFlS 61271.38 0.41 2.13 60129.32 1.07 3.96 
Tgffl6 2492364.60 0.26 28.68 2449747.20 0.55 29.90 
Tgifl? 18922.85 0.27 19.34 18249.41 0.56 22.21 
TgfFlB 1724421.20 0.14 6.87 1421224.40 0.16 23.25 
TgfF19 4514.75 0.17 23.98 4357.35 0.16 26.63 

TgH20 42703.58 0.19 45.02 37222.68 0.60 52.08 
TgfGl 2983043.80 0.56 6.13 2578046.00 3.92 18.87 
Tgff22 4664876.00 1.19 19.87 4119749.20 3.44 29.23 
TgfGS 9826644.00 0.64 15.05 8855575.20 21.25 23.44 
Tg@24 5240976.80 0.59 2.08 4881187.60 10.48 8.80 

TgfiF25 4922084.80 0.39 14,18 4545249.60 1.91 20.75 

Table 4.2: Experimental results obtained using the fixed power model and the 
powgr vonaf/oM during voltage selection; both integrated into 
a genetic list scheduling algorithm 

a comparison with constructive list scheduling techniques. The first comparison of the 

EE-GLSA is against a mobility-based (i.e., performance-driven) constructive list schedul-

ing technique [150]. The results presented in Table 3.4 (page 55) have been generated 

using a mobility-based list scheduling, while the results Table 4.2 are based on the ge-

netic list scheduling approach. Hence, comparing the results of both tables is equivalent 

to a comparison between both scheduling approaches. Take, for instance, example tgf f2. 

When considering a constructive list scheduling based on mobi l i ty and a voltage scaling 

based on PV-DVS, an energy reduction of 7.97% can be achieved (Column 7 in Table 3.4). 

Nevertheless, applying the genetic list scheduling approach combined with PV-DVS, the 

energy is reduced by 26.61% (Column 7 in Table 4.2). Note, these savings are solely 
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achieved through an improved execution order of tasks and communications, since in both 

cases the same voltage scaling technique (PV-DVS) has been applied. Overall it can be 

observed that the genetic list scheduling technique yields higher energy savings in most of 

the examples. In fact, only in the case of benchmark t g f f 6 no further improvement could 

be achieved through genetic list scheduling. This is due to the timing critical execution 

of tasks, which offers no energy reduction potential. Certainly, the GA based schedule 

optimisation introduces a computational overhead, which results in a necessary trade-off 

between solution quality in terms of energy dissipation and synthesis time. Neverthe-

less, the EE-GLSA can produce solution of at least the same quality as the mobility-based 

approaches in the "same" time, by placing a string with priorities based on the mobility 

criterion into the initial population of the EE-GLSA. 

To further confirm the quality of the EE-GLSA, it is next compared to the DVS schedul-

ing technique proposed by Gruian gf oZ. [64]. This comparison is carried out using the 

benchmark collections TGI and TG2, which contain 60 task graph examples with tight 

deadlines. The individual graphs capture highly parallel tasks with relatively few com-

munications. Nevertheless, for experimental purpose these benchmarks represent a valu-

able choice. The reported energy reductions in [64] for these benchmarks are 28% and 

13%. Table 4.3 presents the results obtained using the genetic list scheduling algorithm 

EE-GLSA, which is driven by the PV-DVS algorithm. The table separates both bench-

mark collections. Although the examples do not allow the EE-GLSA approach to leverage 

power variations, since the specified power values are constant, the achieved average en-

ergy reductions for TGI and TG2 are 41.16% and 18.82% (Column 5 and 11, last row), 

respectively. This is an improvement of 13.16% and 5.82%, which indicates the effective-

ness of the proposed optimisation technique, even when using constant power benchmark 

examples. However, since the results in [64] are obtained using multi-voltage PEs rather 

than variable-voltage PEs, additional experiments have been conducted, using the same 

discrete PE voltages (%/(/ — {0 9^, 1.77,2.5^,3.3^}, while = 0.47). As outlined in 

Section 3.2.2, each continously selected voltage (using the PV-DVS algorithm) can be 

split into its two neighbouring discrete voltages considering the available voltages of the 

multi-voltage PE. The corresponding run-times at each voltage are calculated using the 

Equations (3.5) and (3.6). The results of the discrete voltage optimisation are shown in 

Table 4.3, see columns with the headings "Discrete Reduc.". For the two benchmark sets 

the achieved average energy reductions are 37.61% and 15.83%, respectively, which rep-
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r e v e x a m p Z e .rer 

/Vo. q/- Contin, Contin. Discrete A/o. o / Contin. Confin. Discrete 
Exam- no * Enefgy time Reduc. Exatn- node.; d Energy time Rednc. Reduc. 

g j g w (s) (%) p/e Dissip. U) (%) 

rOOO 30/24 474783 6.09 40.56 37.35 rOOO 30/22 659972 0.41 20.30 17.24 

rOOl 30/19 395964 10.97 47.87 44.11 rOOl 30/23 809191 0.55 13.99 11.39 

r002 30/23 523822 2.97 29.67 26.71 r002 30/14 522578 1.76 25.94 24.35 

i003 30/20 504252 12.67 49.31 45.83 mo3 30/22 604127 1.06 20.97 18.11 

r004 30/18 541220 4.32 38.98 35.13 r004 30/23 523668 1.18 25.27 22.23 

r005 30/17 432787 8.27 41.89 39.10 r005 30/17 694278 0.94 20.40 17.13 
r(X)6 30/16 592832 4.33 34.25 31.03 r006 30/16 632867 1.64 20.27 17.66 

r007 30/23 551119 6.30 34.23 31.07 r007 30/23 717256 0.42 7.94 5.34 

r008 30/20 590249 4.20 31.56 28.69 r008 30/18 513749 1.70 34.06 30.32 

r009 30/14 369454 6.98 45.76 41.71 r€09 30/18 763976 0.81 14.80 10.92 

rOlO 30/25 315060 13.43 55.35 51.48 lOlO 30/18 669359 0.91 21.04 17.66 

rOll 30/23 421029 11.36 47.61 43.83 rOll 30/21 644326 0.90 20.79 16.58 

rOl2 30/20 675304 5.51 32.11 29.06 r012 30/18 660552 0.29 13.03 9.80 

r013 30/20 543053 5.87 33.64 29.87 r013 30/20 697671 0.34 10.45 7.64 

r014 30/19 429695 12.10 50.73 46.36 r014 30/22 658146 0.35 17.09 14.12 

r015 30/17 420428 11.15 48.31 44.53 r015 30/15 738860 0.85 13.34 9.85 

r016 30/24 481347 5.99 35.37 32.21 rOI6 30/20 538039 1.32 22.12 18.98 

1-017 30/27 510259 13.37 42.47 38.97 r017 30/16 654964 1.53 22.29 19.42 

rOlS 30/17 426713 9.70 39.10 36.08 r018 30/20 706124 0.90 19.04 16.91 

r019 30/23 577211 7.18 33.82 29.61 r019 30/19 693263 1.56 19.15 15.80 

r020 30/24 395536 10.41 46.89 42.66 r020 30/23 684600 0.58 16.34 13.39 

r021 30/15 675748 5.49 31.39 28.64 r021 30/20 667156 0.29 13.28 10.44 

r022 30/24 457843 13.59 44.05 40.63 r022 30/22 454777 1.15 33.71 29.94 

r023 30/20 379382 11.78 52.50 47.87 r023 30/18 579582 0.96 18.43 15.59 

r024 30/16 530941 6.23 35.88 31.70 i024 30/19 633231 0.86 22.15 18.89 

r025 30/15 301150 15.67 60.60 57.74 r025 30/21 859903 0.37 15.63 12.74 

iQ26 30/16 640655 3.27 26.96 23.06 r026 30/18 621194 0.60 18.73 15.60 

r027 30/16 483131 2.49 32.47 29.10 r027 30/18 722126 0.56 11.22 8.00 

r028 30/20 430367 12.06 47.09 43.43 r028 30/15 555117 1.64 26.91 24.95 

r029 30/26 365148 11.46 44.39 40.65 iC29 30/18 769308 0.55 5.99 3.93 

Average Values: 8.51 4 1 . 1 6 3 7 . 6 1 Average Values: 0.90 1 8 . 8 2 1 5 . 8 3 

Table 4.3: Experimental results obtained using the generalised DVS optimised 
scheduling approach for benchmark examples TGI and TG2 

resent improvements of 9.61% and 2.83%. Note that these reductions were obtained on 

benchmarks which do not show any power variations and so this optimisation feature of 

the proposed DVS algorithm stays unexploited. The achieved improvements are due to the 

fact that the proposed iterative GA based scheduling approach is able to explore a large 

space of potentially low-energy schedules, as opposed to the constructive list schedul-

ing approach used in [64]. Regarding the computational times, Gruian et al. reported 

average times for the 30-node task graphs of lOj' to 120̂ ^ (on 440M%, UltraSparc I l i , 

256MB Workstation), while the proposed algorithm executes on average in 0.9^ to 8.515 

(on 750M%, Pentium HI PC, 128MB). These longer execution times of the constructive 

technique can be explained by the fact that the scheduling used in [64] has to re-schedule 

the tasks when no feasible schedule is found, i.e., the task priorities are re-adjusted. Fur-

ther, the UltraSparch Workstation provides approximately 2-3 less computational power 
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compared to the Pentiumlll PC according to SPECint performance evaluation [7]. How-

ever, the optimisation times indicate an advantage of the presented EE-GLSA technique. 

In summary, this section has shown that significant improvements in terms of energy 

savings can be made by optimising the execution order o f tasks and communications. 

In particular when compared to constructive techniques, the new EE-GLSA can achieve 

higher energy savings due to the effective exploration of the scheduling search space. 

4.2 Optimisation of Task and Communication Mapping 

Section 4.1 has shown that substantial energy savings (up to 17.32% were observed) 

can be achieved through an schedule optimisation that improves the execution order of 

tasks and communications not only towards performance goals, but additionally towards 

the elective utilisation of dynamic voltage scaling. Clearly, application mapping (Sec-

tion 1.3.2) and activity scheduling (Section 1.3.3) are two heavily interrelated co-synthesis 

steps. For instance, mapping parallel tasks onto a single processing element would neces-

sitate to execute these tasks one after the other (sequentially). On the other hand, mapping 

these tasks to different processing elements would allow to execute the tasks in parallel. 

This means that the mapping of tasks and communications has an important influence 

on the schedulability as well as on the utilisation of DVS and hence should be subject 

to optimisation from a timing and energy point of view. This section introduces a novel 

two-step approach that aims to improve the mapping towards these goals. Conceptually, 

the mapping approach separates the optimisation of task and communication mapping, 

i.e., both assignments are carried out in isolation of each other, as illustrated in Figure 4.1 

(page 64). Correspondingly, this section is divided into two sections. Section 4.2.1 in-

troduces a task mapping based on genetic algorithms that has been adapted to suit the 

particular problem of optimising the design for the effective exploitation of the DVS-

PEs. Section 4.2.2 proposes a new method that extends the scheduling technique outlined 

in Section 4.1 to a combined optimisation of communication mapping and scheduling. 

Again, this technique aims at performance improvement as wel l as DVS utilisation. Us-

ing these techniques, the influence of mapping on the achievable energy savings through 

DVS is analysed in Section 4.2.3 for a set of benchmark experiments. 
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4.2.1 Genetic Task Mapping Algorithm 

The task mapping step determines which PE carries out which task. Thereby, it deter-

mines the execution time and power dissipation of a task at nominal supply voltage and 

further the area requirement in terms of bytes or gates, whether a task is implemented 

as software or hardware. The goal of the mapping optimisation step is to distribute the 

tasks among the processing elements that form the distributed architecture, including the 

DVS-enabled PEs, such that the energy dissipation is minimised and feasible designs in 

terms of timing behaviour and area constraints are achieved. As mentioned in Section 2.4, 

task mapping has been intensively researched over the last decade. And similar to the 

scheduling problem, it belongs to the class of NP-hard problem [58]. That is, optimal 

solution for realistic problem sizes may only be found through extremely computational 

expensive processes. One effective way to address this problem is the usage of genetic 

algorithms for task mapping [43,45]. Nevertheless, previous approaches did not consider 

the presence of DVS-PEs. In addition, as opposed to the mapping approach introduced in 

[43,45], where solely the mapping of tasks is optimised by a GA, the approach presented 

in this thesis uses two independent OAs to find improved solutions for the mapping of 

communications and tasks. This secdon focuses on task mapping. 

In GA based task mapping approaches, solution candidates (potential mappings) are 

encoded into mapping strings, as shown in Figure 4.10. Each gene in these strings de-

scribes a mapping of a task to a processing element. For instance, task T4 in Figure 4.10 

is mapped to PEO. Similarly to the genetic algorithm used for the schedule optimisation 

(Section 4.1.1), the genetic task mapping algorithm (EE-GTMA) evolves a population of 

possible mapping solutions towards high quality implementations. The genetic algorithm 

that is employed to work on the task mapping strings is described in Figure 4.11. As 

typical in all genetic algorithms, the EE-GTMA applies ranking, selection, crossover, mu-

tation, and offspring insertion in order to evolve an initial solution pool. The key feature 

of the EE-GTMA, however, is the invocation of the genetic list scheduling algorithm (EE-

GLSA) for each mapping candidate, which allows to calculate parts of the fitness function 

that guides the optimisation. More precisely, the scheduling fitness is used within the 
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(a) Task Graph (b) Task Mapping String (c) Target Architecture 

Figure 4.10: Task mapping string describing the mapping of Ave tasks to an ar-
chitecture 

task mapping fitness as shown in the following equation: 

fjw = n (4.4) Fs • n 

1 if AAn ^ 

+ 1 otherwise 
(4.5) 

where is the schedule Atness (Equation (4.1), Section 4.1.3) based on the DVS re-

duced energy dissipation and a time penalty as outlined in Section 4.1.3. assigns an 

area penalty for each PE exceeding its area constraints as given in Equation (4.5). The 

used area is denoted and the maximal available area is represented by (either as 

memory or silicon area depending on the implementation in S W or HW). If the available 

area is not exceeded, it is not necessary to assign an area violation penalty for the 

particular processing element n, hence, Fs is multiplied by one. On the other hand, i f 

the area constraint is exceeded, the used area and the available area are related 

and multiplied by a constant which allows to adjust the aggressiveness of the penalty. 

Through extensive experimentations, a value of 0.02 was found to be a good choice for 

the constant which was sufficiently high to avoid infeasible results at the end of the 

mapping optimisation. However, this value for k is still low enough to allow infeasible 

solutions to survive sometimes in order to increase the population diversity and avoid a 

premature convergence of the GA towards soludons of unnecessary low quality. In this 
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Algorithm: EE-GTMA 

Input: - task graph TG 
- technology library (execution times, power dissipations) 
- allocated arcitecture 

Output: - timing, area, and energy optimised mapping 

01: Initialisation: Create initial population pool of mapping 
strings, generated randomly 

02; Perform Mapping: Generates, for each member of 
the solution pool, a mapping based on the corresponding 
mapping string. Specihces the task properties such as 
execution time, power dissipation, etc. 

03; Invoke EE-GLSA: Invoke the schedule optimisation 
to, determine a suitable and energy efficient schedule for 
the current task mapping. 

04: Assign Fitness: Compute Atness of each individual in the 
population pool. 
a) Calculate area penalty 
b) Derive fitness based on are penalty and the schedule fitness. 

05: Termination: If no improved individual (improve-
ment > 1 % ) has been produces for 10 generations, then 
terminate. Otherwise, continue. 

06: Ranking: Individuals are ranked according to their fitness. 
07: Selection: According to the size of the generational overlap 

select individuals for mating. High ranked individuals have a 
high probability to be selected. 

08: Mating: Produce two-point crossover between a pair of 
selected individuals. 

09: Mutat ion: Randomly change genes of individuals using a 
dynamic mutation probability scheme, with exponential 
decreasing probability during run-time. 

10; Offspring insertion: Exchange low ranked individuals by 
newly produced individuals with respect to the size of the 
generational overlap. Continue with step 02. 

Figure 4.11: Proposed EE-GTMA approach for energy-efficient task mappings 

way, it is possible to stimulate the placement of functionality onto the distributed PEs 

such that energy is minimised, while timing and area constraints are respected. The pa-

rameters of the GA for the task mapping were set as follows: The population size was 

set to 50, the minimal dynamic mutation probability was adjusted to 5%, the generational 

gap comprises 20%, and the initial population pool was filled with random mappings. 



4.2 Optimisation of Task and Communication Mapping 

CLO 

CL3 

PEO PEl PE: 

Yo- Y W 
CLl CL2 

~0 1 2' '1 2' 

•̂0 2̂ Yo-1 YI-2 
Genetic 

operation 

CLO 

CL3 

CL2 CLl 

PE PEO 

YI-2 

(a) Task graph (b) valid mapping string (c) invalid mapping string 

Figure 4.12: Combined optimisation of task and communication mapping 

4.2.2 Combined Scheduling and Communication Mapping 

The mapping approach in the previous section is used for the assignment of tasks to the 

processing elements only. However, communication issues have a great impact on the 

timing behaviour of the application and therefore should be considered carefully during 

the design space exploration [46,79,112], in order to find energy-efficient systems. One 

important decision that has been taken in this regard was the separation of communication 

mapping from the task mapping within the synthesis approach, i.e., communication and 

task mapping are carried out in two separate optimisation steps (see Figure 4.1). The 

following example illustrates the reasons behind this decision. 

Example 

The three tasks and two communications of the task graph shown in Figure 4.12(a) need to 

be mapped onto a target architecture consisting of three PEs, connected by four CLs. The 

string shown in Figure 4.12(b) combines tasks mapping (TQ, t^i, T2) and communication 

mapping (YO-I> Y1-2) into one representation. This mapping represents a valid solution 

since communication Yo-i between the tasks TQ and TI is assigned to CLl, which connects 

the processing elements that accommodate tasks TQ and TI . In a similar way, the commu-

nication Yi-2 is mapped onto a communication link (CLO) that interconnets the processing 

elements of task Xj and task T2. Let us consider a certain genetic operation which trans-

forms the valid mapping string shown in Figure 4.12(b) to the one in Figure 4.12(c). It 

can be observed that the mapping of the tasks xi and X2 has been modified, while the com-

munication mapping stays unchanged. A quick check upon this mapping indicates that 



4.2 Optimisation of Task and Communication Mapping ^ 

this assignment of activities represents an invalid solution. Consider, for example, the 

communication yo-i between task To and Ti. Although the tasks are mapped onto PEO 

and PE2, which are solely connected through CLO, the communication is mapped to CLl. 

Hence, this mapping is invalid (if it is considered that only direct communications are 

allowed, i.e., communications without routing over intermediate EEs). Due to this reason, 

a combined task and communication mapping approach would produce a AigA of 

ZMvoZzW during the GA based optimisation, which, in turn, would have a negative 

effect on the convergence of the population towards high quality solutions. To overcome 

this problem, the proposed mapping approach explicitly separates task and communica-

tion mapping. In precis, the introduced communication mapping technique is carried out 

in conjunction with the scheduling optimisation within the innermost loop of the proposed 

synthesis approach (see Figure 4.1). Hence, for each task mapping candidate, the schedul-

ing and communication mapping are simultaneously optimised. In this way it is possible 

to avoid invalid solutions, since all possible mappings of communication activities onto 

the communication links are statically known for a particular task mapping. To clarify this 

consider again Figure 4.13. If the tasks Tq and Xi, for instance, are mapped to PEl and 

PE2, respectively, then the communication yo-i can only be mapped onto CL2 or CL3. 

Hence, during the optimisation of the communication mapping it is possible to restrict 

the search to such feasible communication links. The proposed communication mapping, 

described next, takes advantage of this information to ensure that only valid solutions are 

produced. Thereby, the search space is restricted to structurally viable solutions only, 

decreasing significantly the synthesis run-time. 

As mentioned above, the presented communication mapping optimisation is carried 

out in parallel with the schedule optimisation. To explain this strategy consider the ex-

tended string representation shown in Figure 4.13, which encodes both a possible sched-

ule and a communication mapping candidate. It can be observed that this string is di-

vided into priority and communication mapping genes. A list scheduler determines an 

execution order based on the encoded priorities, whilst the mapping of communication 

activities onto the interconnecting links is given by the communication mapping genes. 

The combined string representation allows the concurrent optimisation of priorities and 

communication mappings, using a single genetic algorithm. However, it necessitates a 

specialised genetic mutation, which operates on the two string parts without interference, 

i.e., random modifications on priorities need to be considered differently than the modiA-
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Figure 4.13: A combined priority and communication mapping string 

cations on the communication mappings. On the other hand, standard crossover methods 

can be directly applied without worrying about feasibility, since the crossover between 

two strings maintains spatial locality, i.e., priority genes are not mixed with the mapping 

strings. Nevertheless, during initialisation and mutation of the communicadon mapping 

genes only valid values, which result in feasible communication mapping soludons, are 

allowed. This is not hard to achieve due to the fact that the task mapping precedes the 

communication mapping (scheduling and communication mapping are carried out in the 

innermost loop of the synthesis). Thereby, for every communicadng pair of tasks the 

viable CLs are unambiguously specified. Therefore, it is possible to generate random 

initial chromosomes (random in the sense that a random choice is taken among the pos-

sible CLs) that assure proper communication mappings. Similarly, the mutation operator 

chooses randomly among the valid possibilities only. In order to keep the optimisation 

time low, the communication mapping string is dynamically adapted to the particular task 

mapping, as the number of inter-PE communications can changes for each potential task 

mapping. Thereby, the amount of genes in the mapping string is kept at minimum, avoid-

ing needlessly high synthesis times. Of course, the valid values of each gene change also 

dynamically in accordance to the task mapping. Note that the presented communication 

mapping optimisation improves both the timing behaviour as well as the power consump-

tion, since the guiding fitness (Equation (4.1)) accounts for both. 

The pseudo code of the combined scheduling and communication mapping algorithm, 

called EE-GLSCMA, is shown in Figure 4.14, an extended version of the EE-GLSA algo-

rithm described in Figure 4.8 (page 76). The following modifications can be identified: In 

Step 01, the proposed combined optimisation of communication mapping and scheduling 
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Algorithm: EE-GLSCMA 

Input: - task graph TG 
- task mapping and, correspondingly, the execution properties 

Output: - timing and energy optimised schedule 
- timing and energy optimised communication mapping 

01: Find Feasible Communication Mappings: Identify possible mappings of 
communication events to links, depending on the given task mapping. 

02: Initialisation: Create initial population pool P of combined 
priority and communication mapping strings. Starting priorities are half 
randomly generated and half based on mobility, while initial, feasible 
communication mappings are randomly created. 

03: Perform List Scheduling: Generates, for each member of the solution 
pool, a schedule based on the corresponding priority string. 
a) Map communication to links 
b) Assign task priorities from the property string 
c) Invoke list scheduler without hole filling 

04; Perform Voltage Scaling: Invoke the generalised DVS technique, calculating 
supply voltages for each task executed on a DVS-PE. This is done under the 
consideration of the individual power dissipation of tasks. 

05: Assign Fitness: Compute fitness of each individual in the population pool. 
a) Calculate timing penalty 
b) Calculate energy based on the supply voltages 
c) Derive fitness based on energy and timing penalty 

06: Termination: If no improved individual (improvement > 1 % ) has been 
produces for 10 generations, then terminate. Otherwise, continue with step 07. 

07: Ranking; Individuals are ranked according to their fitness. 
08: Selection: According to the size of the generational overlap select 

individuals for mating. High ranked individuals have a high probability 
to be selected. 

09: Mating: Produce two-point crossover between a pair of selected individuals. 
10: Mutat ion: Randomly change genes of individuals using a dynamic mutation 

probability scheme, with exponential decreasing probability during run-time. 
Mutation of communication mappings are randomly selected out of feasible 
assigimients, depending on the task mapping. 

11: Offspring insertion: Exchange low ranked individuals by newly produced 
individuals with respect to the size of the generational overlap. 
Continue with step 03. 

Figure 4.14: Proposed EE-GLSCMA approach for combined optimisation of 
energy-efficient schedules and communication mappings 

finds, for all data transfers between tasks, the feasible communication links. In addition to 

the initial priorities, Step 02 needs to generate random yet feasible communication map-

pings for the start of the optimisation. During Step 03, which performs the list schedul-



4.2 Opdmisadon of Task and Communication Mapping 92 

ing, the communication properties are calculated, in order to allow for the consideration 

of contention over the CLs. Finally, in Step 10, a specialised mutation is carried out, in 

order to avoid creation of invalid strings. 

4.2.3 Experimental Results: Mapping Optimisation 

The experimental results in this section analyse the effect o f task and communication 

mapping on the achievable energy reductions through DVS. To evaluate this influence 

three basic concepts are compared: 

CSE (Constructive Scheduling wi th fixed power DVS) Within this approach, DVS is 

tackled under the Axed power model (i.e., no power variations are considered). 

Scheduling is carried out using a mobility-based constructive list scheduling, as 

the one used in [89]. Communication mapping is based on a heuristic method that 

assigns communications to the first available CL. The task mapping is carried out 

using the genetic task mapping algorithm of Section 4.2.1. 

DLSP (Dynamic Level Scheduling wi th power variation DVS) DLSP is based on a con-

structive list scheduling which dynamically re-calculates task priorities during the 

schedule construction [132]. The priorities of tasks are given by the dynamic level, 

which depends on the longest path of the activity and the earliest start time. The pri-

orities are used for a combined task mapping and scheduling. Thus, this approach 

is thoroughly of constructive nature. This scheduling and mapping approach cor-

responds to the one used in [19]. The so produced schedules are scaled using the 

PV-DVS algorithm introduced in Chapter 3. 

ICMSP (Iterative Combined Mapping and Scheduling w i th PV-DVS) This approach 

corresponds to the techniques and algorithms proposed in this thesis. That is, volt-

age scaling is performed by PV-DVS (Section 3.2.1), which considers the power 

variation model. Scheduling and communication mapping are based on the com-

bined genetic algorithm EE-GLSCMA (Section 4.2.2). The task mapping is opti-

mised using the genetic task mapping algorithm EE-GTMA (Section 4.2.1). 

To ease the following discussion, Figure 4.15 provides a short overview of these optimisa-

tion concepts for reference purpose. All experimental results presented in this section are 
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Comm. mapping: 

Task mapping: 

Mobility-based (constructive) 

ASAP heuristic (constructive) 
GTMA (genetic algorithm) 
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Comm. mapping: DLS (constructive) 

Task mapping: 
y 

Used in 
previous work 

ICMSP 
Scheduling: — 

Comm. mapping: -
Task mapping: GTMA (genetic algorithm) 

: GLSCMA (genedc algorithm) Proposed in 
this thesis 

Figure 4.15: Three scheduling and mapping concepts 

based on the same four benchmark sets (a-d) that have already been introduced in Sec-

tions 3.3 and 4.1. The presented results were obtained by running the optimisation process 

ten times and averaging the outcomes. The experiments are subdivided into two sections. 

Section 4.2.3.1 compares the CSE approach with ICMSP technique, while Section 4.2.3.2 

assesses the optimisation potentials of DLSP with respect to ICMSP. 

4.2.3.1 Comparison between CSE and ICMSP 

The first experiments give a comparison between the CSE approach and the ICMSP ap-

proach. Table 4.4 shows this comparison for the benchmark sets tgff and Hou. The 

first column gives the benchmark names. The second column shows the nominal en-

ergy dissipations. These values were produced using the genetic task mapping algorithm 

(EE-GTMA) in combination with the genetic scheduling and communication mapping al-

gorithm (EE-GLSCMA), however, without using dynamic voltage scaling. Thus, all tasks 

are executed at nominal supply voltage. The third column gives the computational times 

for these optimisations. The nominal energy values are used as base for a comparison of 

the CSE and ICMSP approaches. The achieved results of the CSE approach are shown 

in Columns 4—6, while the outcomes of ICMSP are given in Columns 7-9 . The last 

column provides the achieved reduction factors, comparing C S E and ICMSP. Consider, 

for instance, the benchmark example t g f f 4 , which has a nominal energy dissipation of 

63924/1/. This solution was found after optimising the application mapping and schedul-

ing for 24.15j'. The energy dissipation of the same example is reduced to 15743/1/ using 



4.2 Optimisation of Task and Communication Mapping 94 

NO-DVS CSE ICMSP (proposed) 
Energy C f U Reduc. Reduc. 

Dissip. (yJ) (/me Dissip. ( j j J ) (wfie W fbcfor 

t g e r 333 3.11 116 1.91 65.23 92 12.14 72.41 1.11 

t g m 709747 24.10 625970 13.34 11.80 4 4 5 5 3 2 47.86 37.23 3.15 

tgH3 298991 69.46 225433 39.68 24.60 109351 2437.98 63.43 2.58 

63924 24.15 15743 12.15 75.37 10817 290.10 83.08 1.10 

49807 22.93 20275 11.83 59.29 18487 226.93 62.88 1.06 

tgfT4_(ixed 59294 20.32 18860 11.66 68.19 10621 299.45 82.09 1.20 

tgfrs 568210 64.42 426614 41.23 24.92 2 3 3 0 6 3 904.99 58.98 2.37 

tgfK 24685 19.97 7298 11.66 70.44 3799 221.99 84.61 1.2 

t g f n 1491203 10.29 1169258 5.55 21.59 1058346 41.75 29.03 1.34 

tgfm 525250 15.52 182894 8.49 65.18 136057 46.92 74.1 1.35 

t g r n - 600428 9.01 358087 4.63 40.36 323158 45.28 46.18 1.14 

tgfflO 9417 7.45 8531 3.98 9.41 7 1 9 3 17.58 23.62 2.51 

t g f n i 2858919 26.87 2400940 14.48 16.02 2229397 97.6 22.02 1.37 

tgfM2 174440 56.36 90087 37.61 48.36 5 8 4 0 4 1328.52 66.52 1.38 

tg f r i s 927704 60.97 511019 32.56 44.92 328377 853.42 64.6 1.44 

tgfFM 7723 23.29 7578 14.39 1.88 6693 69.01 13.34 7.11 

t g m s 20017 86.85 17948 54.39 10.34 16938 916.98 15.38 1.49 

tgf r i6 2984716 34.66 2177495 24.64 27.05 2141352 197.41 28.26 1.04 

tgfM? 16237 41.97 11417 26.80 29.69 8220 308.54 49.38 1.66 

tg f r i s 1518517 4.17 1248236 2.80 17.80 1066350 9.71 29.78 1.67 

t g f f i ; 3431 5.91 2176 4.12 36.59 1907 18.31 44.41 1.21 

tgfGO' 18621 12.41 7286 7.18 60.87 4 6 4 6 92.24 75.05 1.23 

t g m i 2182722 121.95 1543090 59.71 29.30 1352422 1665.04 38.04 1.3 

t g m z 894765 301.48 691269 172.38 22.74 4 5 6 0 2 1 2240.57 49.03 2.16 

t g f r n ' 5519226 147.33 3261600 87.85 40.90 2129198 14050.26 61.42 1.5 

tgR24 720861 151.80 302288 98.07 58.07 2 0 0 3 2 8 2199.39 72.21 1.24 

tgH25 3232360 74.20 2555077 44.36 20.95 2328983 1664.63 27.95 1.33 

H o u ' 11816 10.57 10704 11.43 9.41 6708 163.78 43.23 4.59 

Hou_clusL' 12766 1.58 10145 1.97 20.53 7 8 7 9 3.42 38.28 1.86 

Table 4.4: Mapping optimisation with and without DVS optimised scheduling 
using t g f f and hou benchmarks 

the CSE approach, a reduction by 75.37%. This has been achieved in smaller run-time, 

although the CSE additionally account for DVS. The lower optimisation time can be ex-

plained by the fact that a quick constructive scheduling technique is used. Furthermore, 

EVEN-DVS (fixed power model) does not significantly increase the optimisation time 

since it can be performed with linear computational complexity. Nevertheless, it is possi-

ble to further increase the energy savings using the ICMSP approach, which considers the 

power variation model as well as an iterative optimisation of the scheduling and mapping 

towards DVS. 

Using ICMSP the energy consumption of example tgf f 4 is reduced to 10817fi/, a 

reduction by 83.08%. Due to the iterative scheduling and the quadratic complexity of 

PV-DVS, the optimisation time increases to 290. lO -̂. Comparing the achieved reductions 

of the constructive-based CSE approach (75.37%) with the introduced ICMSP approach 

(83.08%), a reduction factor of 83.08/75.37 = 1.10 can be calculated. Observing the 

remaining reduction factors given in Table 4.4, it can be seen that ICMSP (based on the 
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technique proposed in this thesis) always results in lower energy dissipations than the 

CSE approach (based on traditional scheduling techniques and the Axed power model 

[89]). These reductions are mainly achieved due to two reasons: 

(a) The schedule solution space can be more thoroughly search by an iterative schedul-

ing technique. 

(b) Considering the power variations allows a more accurate energy estimation to guide 

the optimisation process. 

The run-times for the CSE technique varied between 1.91j'(tgffl) and 172.38^ (tgff22) 

for task graphs with up to 100 nodes. The ICMSP approach optimised all the examples 

in 3.42j' (hou_clust) to 14050.26^ (tgff22). Clearly, a trade-off between run-time and 

quality. 

Timing Behaviour Improvements 

In addition to the schedule discussions given in Section 4.1, the following observations 

about the scheduling optimisation can be made. The scheduling optimisation does not 

only significantly reduce the dissipated energy, but also improves the timing behaviour, 

leading to feasible implementations where constructive techniques might fail. This is 

of great importance since high quality solutions are likely to be found in design space re-

gions where infeasible and feasible solutions are spatially placed closely together. Making 

a wrong decision might involve a more costly implementation of the system. To clarify 

this, consider the results obtained with the benchmark set TGI from Gruian et al. [64], 

as shown in Table 4.5. Scheduling the system tasks based on a constructive list schedul-

ing heuristic (mobility-driven) produces a single solution, which might be feasible or 

infeasible. Consider, for example, benchmark rOOO. In the case of this benchmark the 

constructive scheduling attempt fails and the implementation is marked infeasible (Col-

umn 4, "unsolved"). Thus, making it necessary to increase the performance of the allo-

cated system for the given mapping. On the other hand, the proposed iterative GA-based 

list scheduling technique is able to improve infeasible schedules by providing feedback to 

the optimisation process and therefore feasible schedules might be found, as in the case 

of the task graph example rOOO (Column 7). This effect is likely to appear in the presence 

of tight deadline speciAcations, such as the benchmark set TGI. It can be observed that 

for 18 out of 30 examples no feasible mapping could be found when using a mobility-
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NO-DVS CSE ICMSP (proposed) 
CPLf Ene/g)' cpi; Reduc- Reduc- Reduction 

Dissip. fi'on Dissip. (iofi facfor 

rOOO 1 798700 53.87 unsolved 18.60 n/a 586806 194.86 26.53 n/a 

rOOl 759500 56.16 592674 13.87 21.97 399839 804.73 47.35 2.16 
r002 744800 55.64 unsolved 16.51 n/a 551944 189.97 25.89 n/a 
r003 994700 27.76 711887 15.98 28.43 554171 769.58 44.29 1.56 
i004 886900 54.00 unsolved 19.97 n/a 566263 360.58 36.15 n/a 
r005 744800 54.94 465853 16.75 37.45 373677 1596.67 49.83 1.33 
r006 901600 36.88 unsolved 17.55 n/a 589469 827.22 34.62 n/a 

r007 837900 55.20 unsolved 20.20 n/a 565731 269.07 32.48 n/a 
rOOS 862400 30.63 unsolved 19.25 n/a 635426 207.46 26.32 n/a 

r009 681100 53.24 424723 14.99 37.64 311751 1535.28 54.23 1.44 
rOlO 705600 55.96 464257 17.88 34.20 325572 1155.62 53.86 1.57 

,01] 803600 32.11 558165 17.98 30.54 432977 421.37 46.12 1.51 
r012 994700 49.54 unsolved 17.86 n/a 703960 310.65 29.23 n/a 
rOI3 818300 45.58 unsolved 21.36 n/a 546724 315.27 33.19 n/a 

1-014 872200 56.16 618498 17.99 29.09 467035 2324.70 46.45 1.60 
K)]5 813400 54.97 501944 17.12 38.29 427297 2891.08 47.47 1.24 
r016 744800 26.52 unsolved 20.82 n/a 599931 141.81 19.45 n/a 
i017 886900 56.54 unsolved 17.75 n/a 625210 121.10 29.51 n/a 

[018 700700 54.81 unsolved 14.05 n/a 420155 581.39 40.04 n/a 

r019 872200 28.29 unsolved 16.13 n/a 612864 172.78 29.73 n/a 

r020 744800 27.92 unsolved 18.73 n/a 442314 357.80 40.61 n/a 
r021 984900 53.81 726542 18.88 26.23 660399 2542.27 32.95 1.26 
t022 818300 34.35 unsolved 20.66 n/a 467490 636.25 42.87 n/a 

r023 798700 55.24 487590 17.64 38.95 353875 1455.71 55.69 1.43 

r024 1 828100 54.25 unsolved 20.78 n/a 521388 455.70 37.04 n/a 

r025 764400 55,28 378677 16.10 50.46 284444 2877.87 62.79 1.24 
r026 ! 877100 55.98 unsolved 16.02 n/a 624911 255.15 28.75 n/a 

r027 715400 55.26 unsolved 14.18 n/a 483865 225.51 32.36 n/a 

r028 813400 51.26 585257 18.38 28.05 443074 932.38 45.53 1.62 
f029 656600 27.86 unsolved 19.08 n/a 439722 218.24 33.03 n/a 

Table 4.5: Mapping optimisation of the benchmark set TGI using NO-DVS 
(Nominal), EVEN-DVS, and PV-DVS 

driven scheduling algorithm. Nevertheless, using the genetic list scheduling approach it 

was possible to And feasible mappings for all task graphs of TGI, with energy reductions 

of up to 62.79% (benchmark r025). Compared to the feasible mappings generated using 

the CSE technique, energy reductions of up to 7.11 times could be achieved. This higher 

quality results require longer optimisation times. 

4,2.3.2 Comparison between DLSP and ICMSP 

To further confirm the ability of the proposed approach to optimise the mapping as well 

as the scheduling towards an effective utilisation of DVS, it is compared next with map-

pings and schedules produced by a dynamic level scheduling algorithm (DLS) [132]. This 

scheduling technique can be considered to be more sophisticated than "simple" mobility 

list scheduling approaches, since it dynamically re-calculates the task priorities after each 

schedule decision. Table 4.6 gives this comparison between DLSP and ICMSP. The first 
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NO-DVS DLSP I C M S P (proposed) 
EMgrg); Emgrg); Eyigrgy 
Dissip. Dissip. (%) Dissip. OMze (%) 

fftl 29600 18154 38.67 14019 591.2 52.63 1.36 
fft3 48000 36772 23.39 21452 1144.7 55.31 2.37 

karplO 59400 47737 19.63 24055 755.1 59.50 3.07 
meas 28300 25732 9.07 25732 8.5 9.07 1 

qmf4 16000 12740 20.38 11097 202.3 30.64 1.50 

Table 4.6: Comparison between DLS algorithm and the proposed scheduling and 
mapping approach using Bambha's benchmarks [19] 

and the second column show the benchmark names and the nominal energy consumption, 

respectively. The third and fourth column represent the results obtained by the DLSP 

while the fifth and the sixth column correspond to the proposed ICMSP approach. Ac-

cordingly, column seven gives the reduction factors when comparing DLSP with ICMSP. 

Examining the results, it can be seen that ICMSP was able to reduce the dissipated en-

ergy of 4 out of 5 examples by up to 39.87% (59.50% — 19.63%, karplO) equivalent to 

a reduction factor of 3.07. Only in the case of meas the dissipated energy remained the 

constant. This can be explained by the highly serialised graph structure of this task graph, 

which constrains the scheduling order and hence the potential to optimise the schedule. 

Furthermore, the serialised execution restricts the application parallelism and the used 

DVS-PEs are of identical types, thus, the task mapping does not influence the scheduling 

results. Nevertheless, for f ftl, fft3, karplO, and qmf4, which show more parallelism, 

the introduced synthesis approach (ICMSP) outperforms the DLS-based scheduling in 

terms of energy savings by up to 3.07 times (karplO: 19.63% compared to 59.50%). It 

should be noted, both DLSP as well as ICMSP use dynamic voltage scaling under the 

power variation model. Hence, the reported saving are solely introduced by an improve 

application mapping and activity scheduling. Certainly, due the constructive nature of 

DLS, it surpasses the iterative improvement ICMSP approach in terms of optimisation 

time. For all examples the DLS run-time is below an optimisation time of while the 

presented technique shows run-times between 8.5 and 1144.75. However, an advantage 

of the proposed approach is the possibility to initialise the mappings and schedules with 

a pre-passed mapping and scheduling based on DLS. This ensures that solutions of at 

least DLS quality are obtained in the first generation of the GA optimisation, that is, in 

an "identical" optimisation time. Such an initial solution pool could then be further opti-

^The D L S P results are identical to the results presented in Table 3.5 (Sect ion 3.3.1). 
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mised iteratively. In this way, the system designer can easily exploit the freedom to trade 

off synthesis time and solution quality. 

Summary 

This section has analysed the effect of application mapping under different constella-

tions of scheduling and voltage scaling techniques. The conducted experiments have 

shown that substantial energy saving can be achieved by the iterative techniques intro-

duced in this thesis, when compared to constructive scheduling and mapping approaches 

[132,150], which have been used in previous work on energy minimisation through DVS 

[19,89]. Furthermore, the experiments indicate an advantage of the proposed techniques 

over constructive approaches also in terms of schedulability in the presence of tasks with 

tight deadlines. The results reinforce the importance of a thorough exploration of the 

mapping and scheduling solution space. Clearly, the cost for these better results is higher 

computational time. 

4.3 Optimisation of Allocation 

Sections 4.1 and 4.2 have introduced techniques and algorithms for the optimisation of 

activity scheduling and application mapping, respectively. As outlined in Section 1.3, the 

overall goal of the co-synthesis process is to support the designer in Unding the "most" 

suitable target architecture, i.e., the optimisation of the architecture allocation. In the 

proposed system-level design approach, this step is user-driven and thereby based on the 

knowledge and experience of the designer. It is assumed that the designer has predefined 

an architecture and the voltage scaling, scheduling, and mapping techniques help him to 

evaluate the quality of the allocation in terms of energy dissipation, cost, and feasibility. 

If an architecture does not prove to be satisfactory, the designer makes the necessary 

changes and evaluates again. In this way, it is also possible to trade off the different 

design goals and hence achieve multiple design alternatives. Similarly to the scheduling 

and mapping steps, the allocation of components has an influence on the usability of 

DVS. For example, it might be beneficial to reduce the workload on the system PEs by 

introducing a new PE or by re-allocating faster PEs. And thereby it could be possible 

to increase the deadline slacks in the system schedules and hence exploit them using 
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DVS, resulting in higher dynamic energy reductions, while increasing the product cost 

and the static power consumption. Clearly, this optimisation is based on the astuteness of 

the designer. The following experiment demonstrates the importance of the architecture 

allocation using a real-world example. 

4.3.1 Experimental Results: Component Allocation 

In order to assess the energy reduction capability of the proposed synthesis approach in 

terms of real-world applicability, this set of experiments are concerned with a real-life op-

tical flow detection (OFD) application. This application is a sub-system of an autonomous 

model helicopter for traffic monitoring purpose [12,64], and it consists of 32 tasks. In its 

current implementation the OFD algorithm runs on two ADSP-21061L DSPs, with an 

average current of 760mA at 3.3y, hence, an average power dissipation of approximately 

2.52W. Due to the stringent power budget on board of the helicopter, including appli-

cation critical sub-systems, it is necessary to keep the overall power dissipation under a 

certain limit. To reduce the power consumption to a minimal amount, DVS seems pre-

destined, since the OFD algorithm shows an unnecessary high performance (12.5 frames 

of 78x120 pixels per second). However, a repetition rate of 6.25 frames per second is suf-

ficient (at certain operational heights) to ensure correct flow detection, allowing to relax 

the system constraints. For experimental purpose, a hypothetical extension of the DSPs 

towards DVS capability is considered. It is taken into account that such an extension has 

an influence on the static power dissipated by the digital circuits, and therefore the static 

power is increased by 10%. 

In the first part of this experiment the application constraints are kept fixed, i.e., the 

OFD algorithm needs to perform with a repetition rate of l2.5Hz (equivalent to the cur-

rent implementation). In order to increase the usage of the application parallelism, three 

different architectures are used, which are built out of three to five DVS-DSPs and con-

nected via a shared bus. In this way the OFD algorithm can be performed faster, i.e., 

additional system slack is introduced, which is exploitable by DVS. Table 4.7 reports on 

the findings. The first row represents the current implementation of the OFD algorithm, 

i.e., running on an architecture consisting of two DSPs without DVS technology. This 

implementadon shows a total average power dissipation of 2.52W .̂ Now, consider the 

architectures with three to five DVS-enabled DSPs. In accordance to the number of al-
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ArcAzYgcfwrg TbfaZ foM/er 
(ly; (W) (If) w (%) 

2 DSPs (NO-DVS) 0.383 2.137 2.520 n/a n/a 
3 DVS-DSPs 0.574 1.371 1.945 148.3 22.8 
4 DVS-DSPs 0.736 1.163 1.899 303.6 24.6 
5 DVS-DSPs 0.898 1.132 2.030 381.9 19.4 

Table 4.7: Increasing architectural parallelism to allow voltage scaling of the 
OFD algorithm 

ArcAzfgcfwrg Aar/c Power Power TbfaZ fowgr 
(W) (W) J (W) w (%) 

2 DSPs (NO-DVS) 0.383 1.069 1.452 n/a n/a 
2 DVS-DSPs 0.413 0.394 0.807 783.5 44.4 
3 DVS-DSPs 0.574 0.277 0.851 1107.2 41.4 
4 DVS-DSPs 0.736 0.253 0.989 1393.4 31.9 
5 DVS-DSPs 0.898 0.241 1.139 1634.7 21.6 

Table 4.8: Relaxing the performance constraints of the OFD algorithm 

located PEs, the static power consumption increases. However, the increased number of 

PEs allows to exploit the application parallelism more effectively, which, in turn, allows 

a faster execution of the OFD algorithm. This results in slack time, usable by the DVS-

PEs to lower the dynamic power dissipation. As it can be observed from Table 4.7, all 

implementations using DVS-DSPs show a reduction in total power consumption (sum of 

static and dynamic power consumption) of up to 24.6%. Note that this reduction does nof 

necessitate any performance degradation, while the cost of the system increases. 

As mentioned before, the current implementation of the OFD algorithm shows an un-

necessary high performance and it is therefore possible to relax the system constraints. 

Hence, in the following experiment, the repetition rate is reduced from 12.5% to 6.25%, 

i.e., an execution at half speed. This performance is still high enough to allow a cor-

rect flow detection. The results of this investigation are shown in Table 4.8. Observing 

the results shows that for all given architectures the power dissipation could be reduced 

significantly, by up to 44.4% when compared to a non-DVS implementation (first row 

in Table 4.8). It is interesting to observe that the power consumption of the nominal 

task execution is reduced as well. This is due to the fact that the two DSPs are con-

sidered to consume no dynamic power when no computations are performed (through 

clock-gating). Therefore, for half of the operational time the DSPs dissipate no dynamic 
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Figure 4.16: Nine different implementation possibilities of the OFD algorithm 

power. However, among all implementation alternatives the architecture composed out 

of two DVS-PEs (second row in Table 4.8) is the favourite, since it achieves the highest 

energy savings at a low cost. Its favourite position comes from the fact that with each 

additionally allocated PE the static power consumption increases, while the achievable 

dynamic energy reductions decrease (caused by limited parallelism within the applica-

tion). Again, this shows how important an accurate design space exploration is when 

synthesising DVS-enabled embedded systems. 

The power dissipations of all synthesised OFD systems are additionally shown in 

Figure 4.16. The depicted energy values correspond to the total energy dissipation, i.e., 

static as well as dynamic power dissipation are considered. Observing this chart clearly 

indicates the advantage of an OFD system using a two DVS-DSP implementation at a 

reduced performance rate of 6.25Hz. 

4.4 Concluding Remarks 

This chapter has introduced new methods for the activity scheduling and the applica-

tion mapping of energy-efficient distributed heterogeneous embedded systems. A novel 

two-step iterative co-synthesis approaches that separates task mapping from a combined 
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scheduling and communication mapping optimisation has been developed and applied 

to a set of benchmarks examples. By separating the two optimisation, the search space 

is pruned to structurally feasible solutions only, hence, potentially reducing the required 

synthesis times. It has been shown that the introduced methods not only achieve substan-

tially higher energy savings when compared to constructive techniques (up to 39.87% for 

benchmark karplO), but additionally improve the schedulability. The practicality of the 

proposed scheduling and mapping techniques has been validated using a real-world OFD 

application, for which the energy consumption could be reduced by 24.6% without degra-

dation in performance and by 44.4% when a reduction in performance can be tolerated. 

The cost for these solutions of improved quality are longer synthesis times. 



Chapter 5 

Energy-Efficient Multi-Mode 

Embedded Systems 

Chapter 3 has shown how the power variation model helps to reduce the energy con-

sumption of DVS-enabled embedded systems during voltage scaling. Furthermore, it 

was shown in Chapter 4 how an appropriate application mapping and activity scheduling 

enables an effective utilisation of DVS, in order to save energy. These techniques and 

algorithms have addressed the optimisation of embedded systems that perform one sin-

gle application, such as a standalone MP3 decoder or an optical How detection (OFD). 

Nevertheless, one key characteristic of many current and emerging embedded systems is 

their need to work across a set of different interacting applications and operational modes. 

For instance, modern mobile phones often integrate not solely the functionality required 

for communication purpose, but additionally integrate applications like digital cameras, 

games, and complex multimedia functions (MP3 players and video decoders) into the 

same single device. In this thesis, such embedded systems are referred to as multi-mode 

This chapter introduces a novel co-synthesis methodology for the 

design of energy-efRcient multi-mode embedded systems. Starting from a specification 

model that captures both mode interaction and functionality, the developed co-synthesis 

technique maps the application under consideration of to a 

heterogeneous architecture with the aim to reduce the energy consumption through an ap-

propriate resource sharing between tasks. The main principle by which the co-synthesis 

methodology achieves energy-efhciency is an implementation trade-off between the dif-

ferent operational modes. In general, modes with high execution probability should be 
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implemented more energy efficient (e.g., by moving more tasks to hardware) than modes 

with a low execution probability. Nonetheless, the implementation of modes is heavily 

interrelated, due to the fact that different modes share the same resources (architecture). 

For example, mapping an energy-critical task of a highly active mode into energy-efficient 

hardware might prohibit to implement a timing-critical task into hardware due to the re-

stricted hardware area (see motivational example in Section 5.2). Clearly, a well balanced 

implementation of the operational modes is vital for a good system design. In addition, 

the co-synthesis approach further reduces the energy dissipation by adapting the system 

performance to the particular needs of the active mode, using dynamic voltage scaling 

as well as component shutdown. Furthermore, the voltage scaling method of Chapter 3 

is extended to account for hardware PEs that are capable of executing tasks in parallel, 

however, rely on a single scalable supply voltage source. 

The rest of this chapter is organised as follows. Preliminaries, regarding the specifi-

cation and the architectural models are given in Section 5.1. In Section 5.2, the problem 

addressed in this chapter is motivated through illustrative examples. Section 5.3 sur-

veys relevant previous work regarding multi-mode embedded system. A formulation of 

the problems at hand is provided in Section 5.4. Section 5.5 proposes a novel synthesis 

approach, in order to tackle the identified problems. Extensive experimental results, in-

cluding a smart phone example, are given in Section 5.6. Finally, concluding remarks are 

expressed in Section 5.7. 

5.1 Preliminaries 

This section introduces the functional specification model (Section 5.1.1) and the archi-

tectural model (Section 5.1.2), which are fundamental to the co-synthesis framework out-

lined in this chapter. 

5.1.1 Functional SpeciAcadon of Multi-Mode Systems 

The abstract model used for the specification of multi-mode embedded systems consists 

of two parts. In precis, it is based on a combination of finite state machines and task 

graphs, capturing both the interaction between different operational modes as well as the 

functionality of each individual mode. Structurally, each node in the finite state machine 



5.1 Preliminaries 105 

Network lost 

Network found 

decode 
Phok) 

• Nework 
, Search 

^ 2 = 0 . 0 1 

Show f 
Photo \ 

Network 

Terminate i 
audio audio 

MP3 play 
Nework j 4 g = 0 . 0 1 

Search 

^ f Take , 

.h / U.KS? I Photo / 

^ ^ 7 = 0 . 0 1 ^ ^ 4 ^ = 0 . 0 2 

%=0.02 

' / 

Network lost 

Network found 

Network found 

Network found 

decode 
Photo 

RLC 

\ Terminate 
Show ' I Photo 
Photo* 

User reques t / 
Incoming Call 

Radio 
Link 

Control 
Y,=0.74 

Terminate 

l Y g ^ O . l 

4 ^ = 0 . 0 9 

Figure 5.1: Example operational mode state machine of a smart phone 

represents an operational mode and further contains the task graphs which are active dur-

ing this mode. The following two sections introduce this model, which is henceforth 

referred to as operational mode state machine (OMSM). 

Top-level Finite State Machine 

In this work, it is considered that an application is given as a directed cyclic graph 

Y(Q,©), which represents a finite state machine. Within this top-level model, each node 

O E Q refers to an operational mode and each edge 7 6 8 specifies a possible transition 

between two different modes. If the system undergoes a change from mode to mode 

O),, where x ^ y, the transition time associated with the transition edge T = Oy) 

has to be met. At any given time there is only one active mode, i.e., the modes execute 

mutually exclusive. To exemplify the proposed model consider Figure 5.1. This figure 

shows the operational mode state machine for a smart phone example with eight different 

modes. A possible activation scenario could look like this; When switched on, the phone 

initialises into Network Search mode. The system stays in this mode until a suitable net-

work has been found. Upon finding a network the phone undergoes a mode change to 

Radio Link Control (RLC). In this mode it maintains the connection to the network by han-

dling cell hand-overs, radio link failure responses, and adaptive RF power control. An 
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Figure 5.2: Relation between OMSM and individual task graph specifications 

incoming phone call necessitates to switch the system into GSM codec + RLC mode. This 

mode is responsible for speech encoding and decoding, while simultaneously maintaining 

network connectivity. Similarly, ± e remaining modes have different functionalities and 

are activated upon mode change events. Such events originate upon user requests (e.g. 

MP3-player activation) or are initiated by the system itself (e.g. loss of network connec-

tion necessitates to switch the system into network search mode). Furthermore, based on 

the key observation that many multi-mode systems spend their operational time MMgyemZy 

in each of the modes, an execution probability Wq is associated with each operational 

mode O, i.e., it is known what percentage of the operational time the device spends in 

each mode. For instance, in accordance to the typical values given in Figure 5.1, the 

smart-phone stays 74% of this operational time in Radio Link Control (RLC) mode, 9% in 

GSM codec + RLC mode, and 1% in Network Search mode. The remaining 16% of the 

operation time are associated with the remaining modes. In practice the mode probabil-

ities vary from user to user, depending on the personal usage behaviour. Nevertheless, 

it is possible to derive an average activation profile based on statistical information col-

lected from several different users. Taking this information into account will prove to be 

important when designing systems with a prolonged battery lifetime. 

Functional Specification of Individual Modes 

The functional specification of each operational mode O G Q in the top-level finite state 

machine is expressed by a task graph ( f , C). This relation is shown in Figure 5.2. The 

task graph model was introduced in Chapter 1, Section 1.2.1. However, due to some par-
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dcularities concerning multi-mode systems, the following outlines the exact model: Each 

node T E % in a task graph represents a task, i.e., an atomic unit of functionality that needs 

to be executed without preemption. The level of granularity is coarse, i.e., tasks refer to 

functions such as Huffman decoder, de-quantizer, FPT, IDCT, etc. Therefore, each task 

is fiirther associated with a task type y; E F = ...}. A distinctive 

feature of multi-mode systems is that task type sets C r of different modes O E O can 

intersect, i.e., tasks of identical type can share the same hardware resource (inter-mode 

sharing). Resource sharing is also possible for multiple tasks of identical type that are 

found in a single mode (intra-mode sharing), however, due to task communalities among 

different modes, the chances to share resources are increased. Edges y E C in the task 

graph refer to precedence constraints and data dependencies between the computational 

tasks, i.e., if two tasks, and Ty, are connected by an edge, then task T, must be finished 

and transfer data to task Xj, before %j can be executed. A feasible implementation of a 

single mode O needs to respect all task deadlines 8, task graph period (|), and precedence 

relations. 

5.1.2 Architectural Model and System Implementation 

Similar to the techniques introduced in the Chapters 3 and 4, the proposed system-level 

synthesis approach targets distributed architectures that possibly consist of several hetero-

geneous processing elements (PEs), such as general-purpose processors (GPPs), ASIPs, 

ASICs, and FPGAs. These components are connected through an infrastructure of com-

munication links (CLs). A directed graph captures such an architecture, where 

nodes Tt E and edges X E Z, denote PEs and CLs, respectively. Figure 5.3 shows an 

architecture example. Since each task might have multiple implementation alternatives, it 

can be potentially mapped onto several different PEs that are capable of performing this 

type of task. Tasks mapped to software-programmable components (i.e., GPP or ASIP) 

are placed into local memory. However, if a task is mapped to a hardware component (i.e., 

ASIC or FPGA), a core for this task type needs to be allocated. A feasible solution needs 

to obey the imposed area constraints, i.e., only a restricted number of cores can be imple-

mented on hardware components. The subdivision of hardware components (ASICs and 

FPGAs) into hardware cores is shown in Figure 5.3. Each core is capable of performing a 

single task of type T| E F at a time. Tasks assigned to GPPs or ASIPs (software tasks) need 

to be sequenced, whilst the tasks mapped onto FPGAs and ASICs (hardware tasks) can be 
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Figure 5.3: Distributed Architectural Model 

performed in parallel if the necessary resources (cores) are not already engaged. However, 

contention between two or more tasks assigned to the same hardware core requires a se-

quential execution order, similar to software tasks. Cores implemented on FPGAs can be 

dynamically reconfigured during a mode change, involving a time overhead, which needs 

to respect the imposed maximal mode transition times Further, similar to the prob-

lems investigated in Chapter 3 and Chapter 4, PEs might feature dynamic voltage scaling 

to enable a trade-off between power consumption and performance that can be exploited 

during run-time. A set specifies the available discrete voltages of DVS-PE n. For such 

PEs a voltage schedule needs to be derived, in addition to a timing schedule. To imple-

ment a multi-mode application captured as OMSM, the tasks and communications of all 

operational modes need to be mapped onto the architecture, and a valid schedule for these 

activities e G where J? = T U C), needs to be constructed. Further, for tasks mapped 

to DVS-enabled components an energy reducing voltage schedule has to be determined. 

According to these aspects, an implementation candidate can be expressed through four 

functions, which need to be derived for each operational mode O E O: 

Task mapping: ; T 

o . Communication mapping: Mr : C L 

Timing schedule: ^0 

Voltage schedule: Vf : %vs ^ 

where Mf and denote task and communication mapping, respectively, assigning tasks 

to PEs and communications to CLs. Activity start times are specified by the scheduling 
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function , while Vf defines the voltage schedule for all tasks T e ^dvs mapped to DVS-

PEs, where is the set of the possible discrete supply voltages of PE n. Clearly, the 

mappings as well as the corresponding schedules are defined for every mode separately, 

i.e., during the change from mode Ox to mode Oy, the execution of activities found in 

mode Ox are finished, and the activities of mode Oy are activated. 

5.2 Motivational Examples 

The aim of this section is to motivate the key ideas behind the new multi-mode co-

synthesis, that is, the consideration of mode execution probabilities and multiple task 

type implementations. First, the influence of mapping in the context of multi-mode em-

bedded systems with different mode execution probabilities is demonstrated. Second, it 

is illustrated that multiple task implementations can help to reduce the energy dissipation 

of multi-mode embedded systems. 

Example: Mode Execution Probabilities 

For simplicity, timing and communication issues are neglected in the following example. 

Consider the application shown in Figure 5.4(a), which consists of two operational modes, 

Oi and O2, each specified by a task graph with three tasks. The system spends 10% of its 

operational time in mode Oi and the remaining 90% in mode O2, i.e., the execution prob-

abilities are given by = 0 . 1 and W2 = 0.9. The specification needs to be mapped onto 
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a target architecture built of one general-purpose processor (PEl) and one ASIC (PE2), 

linked by a bus (CLl). Depending on ± e task mapping to either of the components, the 

execution properties of each task are shown in Table 5.1. It can be observed that all tasks 

PEl (SW) PE2 (HW) 
task exec. dyn. energy exec. dyn. energy area 
type time (mjf) (%/) time (ma) (?MJ) (mm )̂ 

A 20 10 2 0.010 24.0 
B 28 14 2.2 0.012 30.0 
C 32 16 1.6 0.023 27.5 
D 26 13 3.1 0.047 24.5 
E 30 15 1.8 0.015 21.0 
F 24 14 2.2 0.032 28.0 

Table 5.1: Task execution and implementation properties 

are of different type, therefore, if a task is mapped to HW, a suitable core needs to be 

allocated explicitly for that task. Hence, in this particular example, no hardware shar-

ing is considered. Each allocated core uses area on the hardware component that offers 

60mm ,̂ i.e., at most 2 cores can be allocated at the same time without violating the area 

constraint (see Table 5.1, Column 6). Note that although the two modes execute mutually 

exclusive, the task types implemented in hardware (HW cores) cannot be changed during 

run-time, since their implementation is static (non-reconfigurable ASIC); as opposed to 

software-programmable components. Consider the mapping shown in Figure 5.4(b), in 

which the highest energy consuming tasks (Tg and T5, when implemented in software) 

are executed using a more energy-efficient hardware implementation. According to the 

task energy dissipations given in Table 5.1, the energy dissipation during modes Oi and 

O2 are E; = lOoiJ + 14%/-I-0.023/M7 = 24.023mJ and E2 = IS/wJ4-0.015^74- = 

27.015/71/. Neglecting the mode execution probabilities by assuming that both modes are 

active for even amounts of time (50% mode 0] and 50% mode O2) energy consumption 

can be calculated as Eg = 0.5 • 24.023mJ + 0.5 • 27.015m7 = 25.519mJ. Nevertheless, 

taking the real behaviour into account, mode Oi is active for 10% of the operational time, 

i.e., its energy dissipation can then be calculated as = 0.1 - 24.023%/ = 2.40237?t/. 

Similarly, mode O2 is active 90% of the operational time, hence, its energy is given by 

Er2 = 0.9 • 27.015mJ = 24.3135m/. Based on both modes, the real energy dissipation 

results in +^r2 = 26.7158%/. Now consider an alternative mapping for the 

same task graph, shown Figure 5.4(c). In this configuration tasks Tg and i 6., the 

most energy dissipating tasks of the highly active mode O2, use energy-efficient hard-
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ware implementations on PE2, while task T3 of the less active model is shifted into 

the software-programmable processor (PEl). According to this solution, the energy con-

sumptions of modes 0% and 02 given by Ei = lOmJ + 14mJ -t- 16%/ = 40mJ and 

E2 = 13m/ + 0.015mJ + 0.032ra/= 13.047m/. Considering the even execution of each 

mode (neglecting the execution probabilities), the even energy consumption can be cal-

culated as 0.5 • 40m/+ 0.5 • 13.047m/ = 26.524m/. Note that this value is higher than the 

even energy of the first mapping (Eg = 25.5197H/). Thus, a co-synthesis approach that ne-

glects the mode execution probabilities would optimise the system towards the first map-

ping. However, in real-life the modes are active for different amount of time and hence the 

real energy dissipation is given by = 0.1 40m/ + 0.9- 13.047/M/ = 15.7423/M/. This 

is 41% lower compared to the first mapping (E^ = 26.7158/M/) shown in Figure 5.4(b), 

which is not optimised for an uneven task execution probability. Furthermore, the sec-

ond task mapping allows to switch off PE2 and CLl during mode Oi, since all tasks of 

this mode are assigned to PEl. This results in a significant reduction of the static power, 

additionally increasing the energy savings. 

Example: Multiple Task Type Implementations 

An important characteristic of multi-mode systems is that tasks of the same type might 

be found in different modes, i.e., resources can be shared among the different modes 

in a time-multiplexed fashion. To increase the possibility of component shutdown, it 

might be necessary to implement the same task type multiple times, however, on different 

components. The following example, shown in Figure 5.5, clarifies this aspect. Here 

tasks Ti and T4 are of type A (see Figure 5.5(a)), allowing resource sharing between these 

tasks. The sharing is possible without contention due to the mutual exclusive execution 

of these tasks, since only one mode is active at a given time. In the first mapping, given 

in Figure 5.5(b), both tasks utilise the same HW core. However, implementing task T4 in 

software (additional task type A on PEl), as shown in Figure 5.5(c), allows to shut down 

PE2 and CLl during the execution of mode O2. Hence, multiple implementations of task 

types can help to reduce power dissipation. 

These two examples have demonstrated that it is essential to guide the synthesis pro-

cess by: (a) an energy model that takes into account the mode execution probability as 

well as (b) allowing multiple task implementations. 

= UBRARY 
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5.3 Previous Work 

Over the last few year, numerous methodologies for the design of low power consuming 

embedded systems have been proposed, including approaches that leverage power man-

agement techniques, such as dynamic power management (DPM) and dynamic voltage 

scaling (DVS). Nevertheless, a crucial feature of many modem embedded systems is their 

capability to execute several different applications (multi-modes), which are integrated 

into a single device. 

Approaches for the schedulability analysis of systems with several modes of oper-

ations can be found in the real-time research community [104,129]. However, these 

approaches solely concentrate on scheduling aspects (i.e., they investigate if the mode 

change events fulfil the imposed timing constraints) and do not address implementa-

tion aspects. Three recent approaches have addressed various problems involved in the 

design of multi-mode embedded systems [76,101,130]. Shin et al. [130] proposed a 

schedulability-driven performance analysis technique for real-time multi-mode systems. 

They show that it is possible, through a sophisticated performance estimation, to identify 

timing critical tasks, which are active in different operational modes. This identification 

allows to improve the execution times of the most crucial tasks, in order to achieve system 

schedulabilitly. In their work, the optimisation of the identified tasks is up to the designer. 

For example, reductions in the execution times can be made by handcrafted code tuning 

and outsourcing of core routines into hardware. Kalavade and Subrahmanyam [76] have 
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introduced a hardvyare/softvyare partitioning approach for systems that perform multiple 

functions. Their technique classifies tasks, found within similar applications, into groups 

of task types. The implementation of frequently appearing task types is biased towards 

hardware. This can be intuitively justified by the fact that costly hardware implemen-

tations are shared across a set of applications, hence, exploiting the allocated hardware 

more effective. Oh and Ha [101] address the problem in a slightly different way. Their 

co-synthesis framework for multi-mode systems is based on a combined scheduling and 

mapping technique for heterogeneous multiprocessor systems (HMP [99]). Taking a pro-

cessor utilisation criterion into account, an allocation-controller selects the required pro-

cessing elements such that the schedulability constraint is satisfied and the system cost is 

minimised. The main principle behind all three approaches is to consider the possibility 

of resource sharing, i.e., computational tasks of the same type, which can be found in 

different modes, utilise the same implementations. Thereby, multiple hardware imple-

mentations of the same task type are avoided, which, in turn, reduces the hardware cost. 

As opposed to these approaches, the work presented in this chapter addresses the design 

of low energy consuming multi-mode systems; hence, it differs in several aspects from 

the previous works. To the author's knowledge, there has been no prior work investigat-

ing the co-design problem of power minimisation in the context of multi-mode embedded 

systems. This chapter makes the following contributions: 

(a) The consideration of and their effect on the energy-

efficiency of multi-mode embedded systems is analysed and demonstrated. 

(b) A co-design methodology for the design of energy-efAcient multi-mode systems 

is presented. The proposed co-synthesis maps and schedules a system specifica-

tion that captures both mode interaction and mode functionality onto a distributed 

heterogeneous architecture. Four mutation strategies are introduced that aid the 

GA based optimisation process in finding solutions of high quality by pushing the 

search into promising design space regions. 

(c) Dynamic voltage scaling is investigated in the context of multi-mode embedded 

systems. A transformation-based approach is used to tackle the problem of DVS on 

processing elements that execute different tasks in parallel, but offer only a single 

scalable supply voltage source. 



5.4 Problem Formulation 114 

5.4 Problem Formulation 

The goal of the introduced co-synthesis is an energy-efficient and feasible implemen-

tation of application T, modelled as OMSM. This involves the derivation of the map-

ping and schedule functions, 5'̂ , and (outlined Section 5.1.2), under the 

consideration of static and dynamic power as well as mode execution probabilities. Al-

though the technique and algorithms introduced in the Chapters 3 and 4 concentrate on 

the minimisation of the dynamic power, in multi-mode systems static power consumption 

can have a significant impact on the overall energy efficiency. The reasons for this are 

the different performance requirements of the various operational modes. For instance, 

the minimal performance requirements of the hardware architecture are imposed by the 

most computational intensive mode, i.e., the minimal allocated architecture has to pro-

vide enough computation power to execute this performance critical mode. However, 

the allocated architecture might be far too powerful for the execution of modes with low 

performance needs. Furthermore, low performance modes, such as the standby-mode of 

mobile phones (i.e., Radio Link Control), often account for the greatest portion of the 

system time. During such circumstances, the static energy dissipation of unnecessarily 

switched-on PEs and CLs can outweigh the dynamic energy consumption caused by tasks 

of a "lightweight" mode. Thus, switching-off the unneeded components becomes an im-

portant aspect particularly in multi-mode embedded systems. In accordance, an accurate 

estimation of the average power consumption of an implementation alternative should 

consider both static and dynamic power, and furthermore the mode execution probabili-

ties. The average power consumption p can be expressed using the following equation: 

E W + ' o ' " ) ' P o (5-1) 

where and refer to the static power dissipation, the dynamic power dis-

sipation, and the execution probability of mode O, respectively. The static and dynamic 

power consumptions are given as: 

(5.2) 
4 6 % 
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and 

7^^" = ^ (5.3) 

where refers to ± e static power consumption of a component which is found 

in the set of all active components % C (g'U iL) of mode O. Further, and denote 

all activities and the hyper-period of mode O, respectively. With respect to the type of 

activities, the dynamic energy consumption can be calculated in the same way as 

introduced in Equation (4.2) of Section 4: 

f Pmaxi^) 'tmin(^) ' if E G "̂ DVS 

E ' ^ ) ' ( E ) = < f m M ( E ) i f 6 E C r \ ' 3 D v s 

[ ' ^c(E) if E E C 

where is Ae dynamic power consumption and Ae execution time of tasks when 

executed at nominal supply voltage Tasks T E %vs mapped to DVS-PEs can exe-

cute at a scaled supply voltage resulting in a reduced energy consumption. Further, 

communications consume power f b over a time fc- The mode execution probabilities 

used in Equation (5.1) are either based on approximations or statistical information col-

lected from several real users. In the case that statistical information is available from a 

set of different users U, the average execution probabilities Wq of a single operational 

mode O E G can be calculated. 

The co-synthesis goal is to find a task mapping a communication mapping a 

starting time schedule ,5'̂ , as well as a voltage schedule for each operational mode O, 

such that the total average power p, given in Equation (5.1), is minimised. Furthermore, 

a feasible implementation candidate needs to fulfil the following requirements: 

(a) The mapping of tasks does not violate area constraints in terms of memory and 

hardware area, i.e., (Ziiern ^ where is the set of all task types 

implemented on PE n, and a-^ and refer to the area used by task type r| and the 

available area on PE %, respectively. 

(b) The timing schedule and the voltage schedule based on task and communi-

cation mapping, do not exceed any task deadlines Gq; or task graph repetition periods 

(|), therefore, < min(8T,(|)), V i E "Z; where r (̂T) and fg;ce refer to task 

start time and task execution time (potentially based on voltage scaling). 
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(c) The system reconfiguration time between mode changes does not exceed the 

imposed maximal mode transition times Hence, Vr E 0 needs to 

be respected for all mode transitions. 

5.5 Co-Synthesis of Energy-EfAcient Multi-Mode Systems 

Energy minimisation techniques for application mapping and activities scheduling of sin-

gle mode embedded systems have already been introduced in Chapter 4. This section 

proposes new techniques for the co-synthesis of energy-efAcient multi-mode embedded 

systems. Similar to the algorithms given in Chapter 4, the co-synthesis for multi-mode 

systems is based on two nested optimisation loops. The outer loop optimises task map-

ping and core allocation, while the inner loop is responsible for the combined optimisa-

tion of communication mapping and scheduling. While the communication mapping and 

scheduling in the multi-mode co-synthesis approach are based on the algorithms given 

in Section 4.2.2, this section reconsiders task mapping, hardware core allocation, and 

dynamic voltage scaling to suit the particular problems of multi-mode embedded sys-

tems. Hence, the remainder of this section is organised as follows. Section 5.5.1 oudines 

a new co-synthesis algorithm for multi-mode systems, concentrating on task mapping 

and four improvement strategies that aid to tackle the problem of multi-mode task map-

ping. Section 5.5.2 outlines a heuristic technique for hardware core allocation. Finally, 

Section 5.5.3 describes a transformation-based approach for dynamic voltage scaling of 

parallel execution task on single hardware components. 

5.5.1 Multi-Mode Co-Synthesis Algorithm 

The task mapping approach, which determines Af; for all modes of application T is an en-

hancement of the genetic task mapping algorithm (EE-GTMA) introduced in Section 4.2.1. 

These enhancements include the consideration of resource sharing, component shutdown, 

and mode transition issues. As outlined in Section 4.1.2, GAs optimise a population of 

individuals over several generations by imitating and applying the principles of natural 

selection. That is, the GA iteratively evolves new populations by mating (crossover) the 

fittest individuals (highest quality) of the current population pool until a certain conver-

gence criterion is met. In addition to mating, mutation, i.e., the random change of genes 
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Figure 5.6: Task mapping string for multi-mode systems 

in the genome (string), provides the opportunity to push the optimisation into unexplored 

search space regions. As opposed to the single mode task mapping strings of Section 4.2, 

task mapping strings for multi-mode specifications combine the mapping strings of each 

operational mode into one large task mapping string as shown in Figure 5.6. Within this 

string each number represents the PE to which the corresponding task is assigned. 

The goal of the co-synthesis is to find a mapping of tasks that minimises the to-

tal power consumption and obeys the performance constraints. Figure 5.7 outlines the 

pseudo-code of the co-synthesis algorithm. Starting from an initial random population of 

multi-mode task mapping strings (line 1), the optimisation runs until the convergency cri-

terion is met (line 2). The used criterion is based on the diversity in the current population 

and the number of elapsed iterations without producing any improved individual. To judge 

the quality of mapping candidates, i.e., the fitness which guides the genetic algorithm, it 

is necessary to estimate important design objectives, including static and dynamic power 

dissipation, area usage, and timing behaviour (lines 03-13). The following explains each 

of the required estimations. The hardware area depends on the allocated cores on each 

hardware component (ASIC or FPGA). Of course, for each task type mapped to hardware 

at least one core of this type needs to be allocated. However, if too many cores are placed 

onto a single ASIC or FPGA, the available area is exceeded and an area penalty is intro-

duced (line 6). On the other hand, if multiple tasks of the same type are mapped to the 
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Algorithm: MULTI-MODE-SYN 

Input: - OMSM (finite state machine + task graphs), Technology 
Library, Allocated Architecture 

Output: - Outer loop; Core Allocation, Task Mapping 
- Inner loop: Communication Mapping, Scheduling, Scaled Voltages 

01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

fop=CreateInitialPopulation // randomly 
wh i le(NoConvergence(Po p)) 

forall map G Pop 

mob=ComputeMobilities(map) // ASAP & ALAP 
cores=ImplementHWcores(map,mob) // (Section 5.5.2) 
ap=CalcAreaPenalty(map,cores) 
PstatPE=CalcStaticPowerPE 
trp=CalcTransitionPenalty(cores) 
forall mode e Q 

CommMapping_Scheduling(mode) // inner loop (Section 4.2.2) 
tp(mode)=CalcTimingPenalty(mode) 
Pdyn(mode)=CalcDynPower(mode) // incl. DVS 
PstatCL=CalcStaticPowerCL 

FM=MappingFi tness(Pdy n, tp,PstatCL,PstatPE, ap, trp) 
ran=RankingIndividuals(FM) 
mat=SelectedMatingIndividuals(ran) 
TwoPointCrossover(mat) 
OfFspringInseration(fop) 
ShutdownlmprovementMutation(fop) 
ArealmprovementMutation(fop) 
TiminglmprovementMutation(Pop) 
TransistionImprovementMutation(fo/)) 

Figure 5.7: Pseudo Code: Multi-Mode Co-Synthesis 

same hardware component and the hardware area is not violated, it is possible to imple-

ment cores multiple times (if helpful for the energy reduction). In the proposed approach, 

additional cores (line 5) are allocated for parallel tasks with low mobility (line 4), there-

fore, the chance to exploit application parallelism is increased. Clearly, from an energy 

point of view, this is also preferable, especially in the presence of DVS, where a decreased 

execution time can be exploited. Section 5.5.2 describes the core allocation in more detail. 

At this point it is possible to compute the static power consumption of the implementation 

(line 7), taking into account component shutdown between different modes. Components 

can be shut down during the execution of a certain mode whenever no tasks belonging to 

that mode are mapped onto these components, i.e., the component is vacant (for instance. 
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PEO during execution of mode O2 in Figure 5.5, page 112). Another important aspect is 

the reconfigurability of FPGAs which allows to exchange the implemented cores to suit 

the active mode. However, this reconfiguration during a mode change takes time, hence, a 

transition penalty is introduced if the maximal transition times are exceeded (line 8). Hav-

ing determined the cores to be implemented (line 5), it is now also possible to schedule 

each mode of the application and to derive a feasible communication mapping (line 10). 

Since the modes are mutually exclusive, it is possible to employ a communication map-

ping and scheduling optimisation for a single mode system. The technique outlined in 

Section 4.2.2 is utilised for this purpose. If timing constraints are violated by the found 

schedule, a timing penalty is introduced (line 11). Furthermore, based on the communica-

tion mapping and scheduling, the dynamic power consumption of the application can be 

computed, taking into account DVS (line 12) if voltage-scalable components are present. 

Similarly to the shutdown of PEs, it is also possible to switch off a CL when no com-

munications are mapped to that link (line 13), therefore, further reducing the static power 

consumption of the system. Based upon all estimated power consumptions and penalties, 

a Htness is calculated (line 14) as, 

= 0 . 0 1 ) ) . W - [ [ r r A D M 

where the average power dissipation p is given by Equation (5.1) and rp introduces a 

timing penalty if the schedule exceeds task deadlines or the repetition period. Further, an 

area penalty is applied for all PEs with area violation % by relating used area and area 

constraint Similarly, a transition time penalty is applied for all transitions 6v that 

exceed their maximal transition time limit, i.e., transition time tr exceeds the maximal 

allowed transition time Both area and transition penalty are weighted (w/yt and w;;), 

which allows to adjust the aggressiveness of the penalty. Having assigned a fitness to all 

individuals of the population, they are ranked using linear scaling (line 15). A tournament 

selection scheme is used to pick individuals (line 16) for mating (line 17). The produced 

offsprings are inserted into the population (line 18). In order to push the GA away from 

infeasible and low quality design space regions, four new genetic mutation operators are 

applied (lines 19-22). These mutation strategies are introduced next. 

Shutdown Improvement: To increase the chances of component shutdown, which leads 

to a reduction of static power consumption, the genetic task mapping algorithm 
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employs a simple yet efTective strategy during the optimisation. Out of the current 

population randomly picked individuals (probability 2% was found to lead to good 

results) are modified as follows. A single mode 0;̂  and a non-essential PE % are 

selected. Non-essential PEs are considered to be PEs that implement task types that 

have alternative implementations on other PEs, hence, they are not fundamental 

for a feasible solution. Our goal is to switch off PE Tig during the execution of 

mode Ox- Therefore, all tasks of mode Ox which are mapped to %a are randomly 

re-mapped to the remaining PEs (g' \ Tta), hence, PE TUg can be shut down during 

mode 0;c. Of course, only feasible mappings are allowed, i.e., tasks are always 

mapped randomly to the PEs that are capable of executing this kind of task type. 

The pseudo code of this shutdown improvement strategy is show in Figure 5.8. 

A list of non-essential PE, i.e., PEs that have the potential to be switched off, is 

produced in line 01. The operational mode Ox is selected randomly, however, the 

greater the execution probability of a mode the higher are the chances to select 

this mode (line 02-08). The PE to be switched-off Tia is randomly selected in the 

lines 09-12. PEs accommodating less tasks than others are selected with a higher 

probability, since re-mapping only a small number of tasks is likely to influence 

the execution behaviour less drastically than the re-mapping of many tasks. After 

the operational mode Ox and the PE Jia have been selected, all tasks mapped to PE 

Tia in mode Ox are randomly re-mapped to the remaining PEs (line 13-14). The 

so mutated string is returned and inserted into the population pool. Due to the 

functional similarity of the four improvement strategies, only the pseudo code of 

the shutdown technique is given here (see Figure 5.8). 

Area Improvement: To avoid convergence towards area infeasible solutions, a second 

strategy is employed. If only infeasible area mappings have been produced for 

a certain number of generations, the search is pushed away from this region by 

randomly re-mapping hardware tasks onto software-programmable PEs. 

Timing Improvement: In contrast to the area improvement strategy, if a certain amount 

of timing infeasible solutions have been produced, software tasks are randomly 

mapped to faster hardware implementations. Thereby, the chance to find timing 

feasible implementations is increased. 

Transition Improvement: Cores implemented in FPGAs can be dynamically reconfig-
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Algorithm: SHUTDOWN-IMPROVEMENT 

Input: - Randomly picked initial mapping string M (probability 2%) 
- OMSM (finite state machine + task graphs) 
- Technology Library, Allocated Architecture 

Output: - For shutdown modified mapping string 

01: NonEssPEs PossibleShutdownPEs() 
02: Rand = RandomFloat(0, 1) 
03: AccuProb = 0 
04: Ox = 0 
05: forall (Mode, ModeNumbers) { 
06: AccuProb += GetExecutionProb(Mode) 
07: if (RandDouble <= AccuProb) break 
08: else Ox++ } 
09: Rand = RandomFloat(0,TasksNoInvSum) 
10: forall(NoOfPE, NoAllocPEs) { 
11: if ((InvIntervalO[NoOfPE] <= RandDouble) && 

(InvIntervall[NoOfPE] > RandDouble)) { 
12: Ttg = NoOfPE } } 
13: forall (gene ^%a) &M 
14: gene = RandomFeasibleMapping(!P \ Ttq) 
15: return M //modified mapping 

Figure 5.8: Pseudo Code: Mapping Modification towards component shutdown 

ured. However, this involves a time overhead. If this overhead exceeds the imposed 

transition time limits, the mapping is infeasible. Hence, after generating for a cer-

tain number of generations solely solutions that violate the transition times, tasks 

are randomly re-mapped away from the FPGAs that cause the violations. 

Although some of the produced genomes (strings) might be infeasible in terms of 

area and timing behaviour, all these strategies have been found to improve the search 

process significantly by introducing individuals that evolve into high quality solutions. 

For instance, running the synthesis process (on examples of moderate size) without the 

shutdown improvement strategy often results in implementations which do not exploit 

this energy reduction possibility. 
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5.5.2 Hardware Core Allocation 

For tasks mapped to ASICs and FPGAs it is necessary to allocate hardware cores that 

are capable of executing the task types. This is a trivial job as long as only tasks of dif-

ferent types are mapped to the same hardware component, i.e., when a single core for 

each task needs to be allocated. Nevertheless, if tasks of the fame type i] are assigned to 

the PE more than once, it is necessary to make a decision upon how many core of 

type r| need to be implemented. This is important because hardware cores are able the 

execute tasks in parallel, i.e., the right quantitative choice of cores can efficiently help 

to exploit application parallelism, hence, improve the timing behaviour as well as energy 

dissipation. In the proposed co-synthesis, the following approach is employed during 

the schedule optimisation. Initially, each task type assigned to hardware is implemented 

only once, even if multiple tasks of this type are mapped onto the same PE. This ensures 

that all hardware tasks have at least one executable core implementation. If the hard-

ware area constraints are not violated through the initial allocation, additional cores are 

implemented as follows. The tasks are analysed to identify possibly parallel executing 

task, taking into account task dependencies. These tasks are then ordered according to 

their mobility. Clearly, tasks with low mobility are more likely to improve the timing 

behaviour and therefore should be the preferred choice when implementing additional 

hardware cores. Accordingly, cores for tasks with low mobility are implemented as long 

as the area constraints of the hardware components are not violated. Note, this strategy 

potentially improves the energy dissipation, since it is probable to result in more slack 

time, which, in turn, can be exploited through DVS. 

5.5.3 Dynamic Voltage Scaling for Multiple Parallel Executing Tasks 

Dynamic voltage scaling is a powerful technique to reduce energy consumption by ex-

ploiting temporal performance requirements through dynamically adapting processing 

speed and supply voltage of PEs. An effective voltage scaling technique for this pur-

pose has already been introduced in Chapter 3. Furthermore, the applicability of DVS 

to embedded distributed systems was demonstrated in [64,90]. However, these works as 

well as the energy-gradient technique introduced in Chapter 3 concentrate on dynami-

cally changing the performance of software PEs only, while parallel execution of tasks on 

hardware resources has been neglected. Nevertheless, in the context of energy-efAcient 
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Figure 5.9: DVS Transformation for HW Cores 

multi-mode systems, where performance requirements of each operational mode can vary 

significantly, DVS needs to be considered carefully. Consider, for instance, an inverse 

discrete cosine transformation (IDCT) algorithm implemented in fast hardware which is 

used during two modes: MPS decoding and JPEG image decoding. Clearly, the JPEG 

decoder should restore images as quickly as possible, i.e., the IDCT hardware is required 

to execute at maximal supply voltage (equivalent to peak performance). On the other 

hand, the MPS decoder works at a fixed repetition rate of 25ms for which the hardware 

implementation operates faster than necessary, i.e, the IDCT performance can be reduced 

such that this repetition rate is adequately met. By using DVS it is possible to adapt the 

execution speed to suit both needs and to reduce the energy consumption to a minimum. 

This chapter considers that hardware components might employ DVS. However, due 

to the area and power overhead involved in additional DVS circuitry (DC/DC-converter 

[61,97]) it is assumed that all cores allocated to the same hardware component are fed by 

a single voltage supply, i.e., dynamically scaling the supply voltage simultaneously affects 

the performance of all cores on that hardware component. To cope with this problem, the 

potentially parallel executing tasks on a single scalable hardware resource are transformed 

into an equivalent set of sequentially executing tasks, taking into account the dynamic 

power dissipation on each core. Note that this is done to calculate the scaled supply 

voltages only, i.e., this virtual transformation does not affect the real implementation. 

Figure 5.9 shows the transformation of five hardware tasks, executing on two cores (both 

cores are implemented within the same hardware component), to three sequential tasks on 

a single core. This sequential execution is equivalent to the behaviour of software tasks, 

hence, a voltage scaling technique for software processors can be applied. Nevertheless, it 
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is important to consider task dependencies and task deadlines during this transformation, 

i.e., it might be necessary to further subdivide the transformed task graph, in order to 

maintain a correct specification. For instance, consider original specification given in 

Figure 5.10. Here, task Tg has a data dependency with another task outside of the given 

Hardware Component Transformed HW Component 
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(To V»-( Ti, V \ a / ^ by \ Dy 

core 1 
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core A 

core 0 f l T2 

core 1 core 1 t o T3 1 4 
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Figure 5.10: DVS Transformation for HW Cores considering inter-PE commu-
nication 

component. Due to the data dependencies the transformation results in four tasks, instead 

of three (Figure 5.9). Thereby, task and task can be scaled independent of each other. 

While task can influence tasks on other PEs, task solely affects downstream tasks. 

Exactly as the original specification. Task deadlines can be handled similarly. 

The pseudo code description of this transformation is given in Figure 5.11. The func-

tion takes as input the system task graph and a hardware processing element that is DVS 

enabled. In the first two steps (lines 1 and 2) it generates two priority queues of tasks 

mapped to the HW processing element, sorted in decreasing order of start and end time, 

respectively. A sequential task graph and a current power variable are initialised (lines 3 

and 4). At the end of algorithm run, the sequential task graph will hold the transformed 

tasks. The following transformations are repeated until no tasks are left in the priority 

queue of task sorted according to their end times (EndTaskQueue): 

• If the next chronological event is due to a starting task (line 6), the current power 

dissipation is increased by the power dissipation of the starting task or tasks (line 7) 

and a new task is added to the sequential task graph by inheriting the current 

power dissipation and the start time (line 8). The starting tasks are remove from 

StartTaskQueue (line 9). 

• If the next chronological event happens due to an end task (line 11), then the current 
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Algorithm: DVS-HARDWARE-TRANSFORMATION 

Input: - Task Graphs 
- DVS-enabled Hardware Processing Element 

Output:- Sequential!sed tasks on the HW PE 

01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

StartTaskQueue = InitStartTaskQueue(Tasks) 
EndTaskQueue = InitEndTaskQueue(Tasks) 
SeqTaskGraph 0 
Pw ^ 0 
while (EndTaskQueue ^ 0) { 

if (TimeStartTask < TimeEndTask) { 
Pw 4-= Pw(StartTasks) 
AddTask(SeqTaskGraph, Pw, StartTime) 
RemoveStartTasks(StartTaskQueue) 

} 
else if (TimeEndTask < TimeStartTask) ( 

Pw -=Pw(EndTasks) 
if (Pw ^ 0) 

AddTask(SeqTaskGraph, Pw, OutEdgesOffPE) 
else 

InheritEndTime(SeqTaskGraph->Last, OutEdgesOffPE) 
RemoveEndTasks(EndTaskQueue) 

} 
else if (TimeStartTask = TimeEndTask) { 

if (Core(StartTasks) = Core(EndTasks)) { 
if (OutEdgesOffPE(EndTasks) ̂  0) 

AddTask(SeqTaskGraph, Pw, OutEdgesOffPE) 
} 
else { // Core(StartTasks) ^ Core(EndTasks) { 

Pw = Pw + Pw(StaitTasks) - Pw(EndTask) 
AddTask(SeqTaskGraph, Pw, OutEdgesOffPE) 

} 
RemoveStartTasks(StartTaskQueue) 
RemoveEndTasks(EndTaskQueue) 

return (SeqTaskGraph) 

Figure 5.11: Pseudo code; Task graph transformation for DVS-enabled hard-
ware cores 

power dissipation is decreased by the power of the ending tasks (line 12). According 

to whether the cuirent power has reach zero or not, a task is added to the sequential 

task graph by inheriting the current power value and the outedges (if any) of the 

ending task (line 14), or the end time and the outedges are inherited to the last 
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task in the sequential task graph (line 16). The ending tasks are removed from 

EndTaskQueue (line 17). 

• If the next chronological events occur to the simultaneously ending and starting 

task the following procedure is necessary (line 16). If both events appear on the 

same HW core (i.e., they subsequent tasks), and there are outedges emitting from 

the ending task, then a new task is added to the sequential task graph. However, the 

current power is maintained at the same level. Nevertheless, if the two events occur 

on different cores the current power is adjusted and an new task is introduced to the 

sequential task graph. Starting and ending tasks are removed StartTaskQueue and 

EndTaskQueue ( l ines 28 and 29) . 

After no tasks are left in the task queue, which is sorted in chronologically decreasing 

order of end times, the sequential task graph is returned (line 32). 

5.6 Experimental Results: Multi-Mode 

Based on techniques and algorithms presented in this chapter, the multi-mode synthesis 

approach has been implemented on a Pentium Ill/1.2GHz Linux PC. In order to evaluate 

its capability to produce high quality solutions in terms of energy consumption, timing 

behaviour, and hardware area requirements, a set of experiments has been carried out 

on 15 automatically generated multi-mode examples (mull-mullS^) and one real-life 

benchmark example (smart-phone). The following two sections split these experiments 

into hypothetical and real-life examples. All reported results were obtained by running 

the optimisation processes 40 times and averaging the outcomes. 

5.6.1 Hypothetical Examples 

Each of the 15 generated examples (mull-mullS) is specified by 3 to 5 operational modes, 

each consisting of 8 to 32 tasks. The used target architectures contain 2 to 4 heteroge-

neous PEs, some of which are DVS enabled. These PEs are interconnected through 1 to 

3 communication links. The execution probabilities of individual modes were randomly 

'These examples were generated with the publicly available tool TGFF [44]. 
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w/o probabilities with probabilities 
Example Mode Average CPU Average CPU Reduction 
(No. of Execution power time power time 
modes) Probabilities (miy) w (mVF) (^) (%) 

mull (4) 5:10:75:10 8.131 20.7 7.529 24.7 7.29 
mul2 (4) 10:5:80:5 3.404 15.5 2.771 18.2 18.61 
mul3 (5) 7:3:80:5:5 10.923 23.4 10.430 23.0 4.17 
mul4 (5) 1:4:5:40:50 7.975 21.0 6.726 25.2 15.50 
mul5 (4) 7:13:35:45 5.186 18.4 4.668 22.1 10.01 
muI6 (4) 15:10:10:65 1.677 20.6 1.301 19.9 22.46 
mul7 (4) 5:5:5:85 3.306 11.6 1.250 21.4 62.18 
mul8 (4) 75:5:15:5 1.565 32.1 1.329 28.0 15.06 
mul9 (4) 7:3:80:10 3.081 6.0 1.901 5.8 38.28 

mullO (5) 45:5:40:5:5 1.105 28.3 0.941 32.1 14.83 
mulll (3) 80:10:10 2.199 9.3 1.304 16.6 40.70 
mull2 (4) 15:10:50:25 7.006 25.4 5.975 34.2 14.69 
mull3 (3) 5:15:80 4.090 15.8 2.816 15.8 31.04 
mu]14 (5) 5:5:10:10:70 8.195 28.6 6.466 33.0 21.13 
mull5 (5) 5:10:75:7:3 2.188 41.5 1.222 55.4 44.16 

Table 5.2: Considering mode execution probabilities (excluding DVS) 

chosen and varies between 1% and 85%. To illustrate the importance of taking mode ex-

ecution probabilities into account during the synthesis process, an execution probability 

neglecting approach is compared with the proposed synthesis technique, which considers 

the mode probabilities. The Arst two sets of experiments demonstrate the energy sav-

ings achievable through the consideration of mode execution probabilities, either with or 

without the exploration of DVS. While the third set examines the influence of activation 

profile on the energy savings. 

Comparisons excluding Dynamic Voltage Scaling 

To highlight the influence of mode execution probabilities on the achievable energy saving 

consider Table 5.2 which shows the multi-mode co-synthesis results for the 15 automat-

ically generated benchmarks. The Arst two columns give the benchmark names and the 

mode execution probabilities. The third and the fourth column present the dissipated 

average power and optimisation time for the execution probability neglecting synthesis 

approach, while the fifth and sixth column show the same for the proposed approach. 

Take, for instance, example mul6. When ignoring the execution probabilities during the 
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optimisation, an average power dissipation of 1.6777?%}̂  is achieved. However, optimis-

ing the same benchmark example under the consideration that modes execute with Mwevgn 

probabilities (e.g., 15:10:10:65 — i.e., mode 1 is active for 15%, mode 2 is active of 10%, 

and so on), the average power can be reduced by an appropriate task mapping and core 

allocation to l.SOlmVK. This is a significant reduction of 22.46%. Furthermore, it can 

be observed that the proposed technique was able to reduce the energy consumption of 

all examples with up to 62.18% (mul7). Note that these reductions are achieved without 

any modification of the underlying hardware architectures, i.e., the system costs are not 

increased. It is also important to note that the achieved energy reductions are solely in-

troduced by taking the mode execution probabilities into account during the co-synthesis 

process, i.e., both compared approaches allow the same resource sharing and rely on the 

same scheduling technique. When comparing the optimisation times for both approaches, 

it can be observed that the proposed technique shows a slightly increased CPU time for 

most examples, which is mainly due to the design space structure. 

Comparisons including Dynamic Voltage Scaling 

The next experiments were conducted to see how the proposed technique compares to 

DVS and if further savings can be achieved by taking the mode probabilities and DVS 

simultaneously into account. Table 5.3 reports on the findings. 

The DVS technique that was used here is based on PV-DVS (Chapter 3), which has 

been extended to enable the consideration of DVS not only for software processors, but 

also for parallel executing cores on hardware PEs (see Section 5.5.3). As in the first ex-

periments, two approaches are compared here. The first approach disregards the mode 

execution probabilities during optimisation, while the second takes them into account 

throughout the co-synthesis. Similar to Table 5.2, the second and the third column of Ta-

ble 5.3 show the results without consideration of execution probabilities, whilst the fourth 

and the fifth column present the results achieved by taking execution probabilities into 

accotmt. Lets consider again benchmark mul6. Although the execution probabilities are 

neglected in the second colimin, a reduced average power consumption (0.689fMW) can be 

observed, when compared to the results given in Table 5.2. This clearly demonstrates the 

high energy reduction capabilities of DVS. Nevertheless, it is possible to further minimise 

the power constmiption to 0.465miy by considering the execution probabilities together 

with DVS. This is an improvement of 32.53%, solely due to the synthesis for the pardc-
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w/o probabilities with probabilities 
Example Mode Average CPU Average CPU Reduction 
(No. of Execution power time power time 
modes) Probabilities (mW) (^) (mW )̂ (%) 

mull (4) 5:10:75:10 4.271 526.6 3.964 768.6 10.92 
mul2 (4) 10:5:80:5 1.568 860.4 1.273 687.4 18.82 
mul3 (5) 7:3:80:5:5 4.012 1053.5 3.344 1192.2 16.66 
mul4 (5) 1:4:5:40:50 2.914 1135.2 2.320 1125.4 20.39 
muI5 (3) 7:13:35:45 1.394 967.7 1.315 932.1 5.68 
mul6 (4) 15:10:10:65 0.689 472.9 0.465 593.7 32.53 
mul7 (4) 5:5:5:85 1.331 540.3 0.479 820.7 64.02 
mul8 (4) 75:5:15:5 0.564 1262.1 0.436 1412.0 22.64 
mul9 (4) 7:3:80:10 0.942 161.2 0.648 177.1 34.66 

mullO (5) 45:5:40:5:5 0.480 1456.3 0.394 1361.9 17.88 
mulll (3) 80:10:10 0.396 318.1 0.255 403.2 35.53 
mull2 (4) 15:10:50:25 2.857 1384.7 2.460 1450.7 13.91 
mull3 (3) 5:15:80 1.185 498.3 0.953 576.6 19.56 
mull4 (5) 5:5:10:10:70 2.320 1512.3 1.797 1556.4 22.55 
mull5 (5) 5:10:75:7:3 0.801 1316.7 0.324 1836.3 59.56 

Table 5.3: Considering mode execution probabilities (including DVS) 

ular execution probabilities. For all other benchmarks savings of up to 64.02% (mul7) 

were achieved. Due to the computation of scaled supply voltages and the influence of 

scheduling on the energy consumption, the optimisation times are higher when DVS is 

considered. 

Figure 5.12 shows the Pareto outcome of the typical co-synthesis run. Each diamond 

in this graph indicates a possible implementation of benchmark mull5, however, each 

with a different trade-off between energy dissipation of area usage. The rightmost solution 

respects all imposed system constraints including area (area violation is 0). This solution 

dissipates an energy of 1.179mW. Nevertheless, the graph indicates that further energy 

savings can be made by mapping more functions towards hardware. Of course, increasing 

the used area corresponds to more costly design. For instance take the leftmost solution, 

which dissipated 0.773mW. To achieve this reduced energy dissipation it is necessary to 

increase the available hardware area by 124%, i.e., the hardware requirements are more 

than doubled. 
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Figure 5.12: Pareto optimal solution space achieved through a single optimisa-
tion run of mull5 (without DVS), revealing the solution trade-offs 
between energy dissipation and area usage 

Influence of Real Activation Probabilities 

The next experiment is conducted to highlight the influence of the user behaviour on the 

energy efficiency of a system that has been synthesised under the consideration of certain 

mode execution probabilities. Certainly, the mode execution probabilities, which are used 

during the synthesis represent an "imaginative" user and the activation probabilities of a 

real user will differ from those. Accordingly, the following experiment tries to answer 

the question how the energy efficiency is affected by different activation profiles during 

application run-time. For experimental purpose a simple specification with two modes is 

used which contains 14 and 24 tasks (mode 1 and mode 2). The underlying architecture 

consists of two programmable processors and a single ASIC, all connected via a shared 

bus. This configuration was synthesised for three different pairs of execution probabilities 

(0.1:0.9, 0.9:0.1, and 0.5:0.5). These three implementations possibilities correspond to the 

three lines shown in Figure 5.13. All implementations are based on the same hardware 

architecture; yet, each has a different task and communication mapping, core allocation, 

as well as schedule. The first solution (red) was synthesised under the consideration of 

execution probabilities 0.1:0.9, that is, it is assumed that mode 1 and mode 2 are active 
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Figure 5.13: A system specification consisting of two operational modes opti-
mised for different execution probabilities 
(red-0.1:0.9, blue-0.9:0.1, green-0.5:0.5) 

for 10% and 90% of the operational time, respectively. Similarly, the second (blue) and 

the third (green) line represent solutions that have been synthesised using execution prob-

abilities 0.9:0.1 and 0.5:0.5, respectively. According to the real execution probabilities 

during run-time, i.e., the activation behaviour of the user, the average power dissipations 

of the implemented systems vary. Consider the system optimised for execution probabil-

ities 0.1:0.9 (red line). If the user behaviour corresponds to these probabilities (User A), 

the system dissipates an average power of approximately 5.5mW (point I). However, if 

a different user (User B), for instance, uses mode 1 for 90% and mode 2 for 10% of the 

time (0.9:0.1), the system will dissipate approximately 12.5mW (point II). Nevertheless, 

if the system would be optimised for this activation profile (0.9:0.1), as indicated by the 

blue line in Figure 5.13, a lower power dissipation of around 2,6mW (point III) can be 

achieved. Similarly, if the system is optimised for execution probabilities 0.9:0.1 (blue 

line) and the user runs the application 10% in mode 1 and 90% in mode 2 (User A), then a 

power dissipation of l2.5mW (point IV) is given. While an optimisation towards this us-

age profile can achieve a system implementation which dissipates only 5.5mW (point I), 

i.e., extending the battery-lifetime by a factor of 2.83 times. The green plot in Figure 5.13 
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represents the solution when the execution probabilities are neglected during the optimi-

sation, that is, the execution probabilities are considered to be equal for both modes. Of 

course, if the modes 1 and 2 are active for equal amounts of time, this solution achieves 

a lower power dissipation (6.5/MW, point V) than the systems optimised for execution 

probabilities 0.1:0.9 (PwW, point VI) and 0.9:0.1 (7.6fMiy, point VII). In summary, Fig-

ure 5.13 clearly shows that the execution probabilities substantially influence the energy 

dissipation of the system. Certainly, the system should be optimised as close as possible 

towards the real behaviour to achieve low energy consumptions, which, in turn, result in 

longer battery-lifetimes. 

5.6.2 Smart Phone Benchmark 

To further validate the co-synthesis technique in terms of real-world applicability, the in-

troduced approach was applied to a smart-phone example. This benchmark is based on 

three publicly available applications: a GSM codec [4], a JPEG codec [5], and an MP3 

decoder [68], Accordingly, the smart-phone offers three different services to the user, 

namely, a GSM cellular phone, a digital camera, and an MP3-player. Of course, the 

used applications do not specify the whole smart-phone device, however, a m^or digital 

part of it. The specification for this example, given as operational mode state machine 

(OMSM), has already been introduced in Figure 5.1 (page 105). For each of the eight op-

erational modes, the corresponding task graphs have been extracted from the above given 

references. Details about these task graphs specifications can be found in Appendix B. 

The individual applications have been software profiled to gather the necessary execution 

characteristics of each task. This was carried out by compiling profile information into 

the application [1,3] and running the produced software on real-life input streams. On 

the other hand, the hardware estimations are not based on direct measurements, but have 

been based on typical values, such that hardware tasks typically executed 1 to 2 orders 

of magnitude faster and dissipated 1 to 2 orders of magnitude less power than their soft-

ware counterparts [32]. Depending on the operational mode, the number of tasks and 

communications vary between 5-88 nodes and 0-137 edges, respectively. The hardware 

architecture of the embedded system within the smart phone consists of one DVS-enabled 

processor (based on the ARMS developed in [31]) and two ASICs. These components are 

connected via a single bus. Table 5.4 gives the results of the conducted experiments, 

which are also graphically shown in Figure 5.14. Similar to the previous experiments. 
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without probabilities with probabilities 
Average power CPU time Average power CPU time Reduction 

(mW) is) (mW) (^) (%) 

w/o DVS 2.602 80.1 1.801 96.9 30.76 
with DVS 1.217 3754.5 0.859 4344.8 29.41 

Table 5.4: Results of smart phone experiments 

an approach which neglects the execution probabilities is compared with the introduced 

co-synthesis technique that considers the uneven activation times of different modes. The 

first row in Table 5.4 shows this comparison for a fixed voltage system, i.e., no DVS is 

applied. Synthesising the system without consideration of execution probabilities results 

in an average power consumption of 2.602mW, when running the system after the synthe-

sis according to the activation profile. Nevertheless, taking into account the mode usage 

profile during the co-synthesis this can be reduced by 30.76% to l.^QlmW. Again, this 

saving is achieved without the modification of the allocated hardware architecture, there-

fore, the system cost is the same for both solutions. Also DVS has been applied to this 

benchmark, considering that the GPP of the given architecture supports DVS functional-

ity. The results are shown in the second row of Table 5.4). It can be observed that the 

power consumption of the smart phone drops to l.lllmW, even when neglecting mode 

execution probabilities. However, the combination of applying DVS and taking execu-

tion probabilities into account results in the lowest power consumption of 0.859mW, a 

29.41% reduction, when compared to the DVS neglecting approach. Overall, the average 

power is decreased from 2.602mW to 0.859mW. Which represents a significant reduc-

tion of nearly 67%. Regarding the required co-synthesis times, the four implementations 

could be found in 80.li (without probabilities and DVS) to 4344.8^ (with probabilities 

and DVS). Clearly, considering DVS requires longer optimisation times due to the volt-

age scaling problem that needs to be solved repetitively within the innermost optimisation 

loop of the co-synthesis algorithm. For instance, the optimisation for DVS increase the 

run-time from 80. If to 3754.1s for the case without consideration of execution probabil-

ities, and from 96.9s to 4344.8^ when execution probabilities are taken into account. On 

the other hand, the consideration of mode execution probabilities increases the optimisa-

tion time only moderately form 80.1s to 96.9s in the case of no DVS, and from 3754.5s 

to 4344.8.y if the probabilities are considered. 
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Figure 5.14: Energy dissipation of the Smart phone using different optimisation 
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5.7 Concluding Remarks 

This chapter has introduced new techniques and algorithms for the energy minimisation of 

multi-mode embedded systems. An abstract specification model called operational mode 

state machine has been proposed. This model allows for the concurrent specification 

of mode interaction (top-level finite state machine) as well as mode functionality (task 

graph). The advantage of such a representation is the capability to express the complete 

functionality of the system within a single model, containing both control and data flow. 

The presented co-synthesis technique not only optimises mapping and scheduling to-

wards hardware cost and timing behaviour, but also aims at the reduction of power con-

sumption at the same time. A key contribution in this chapter has been the development 

of an effective mapping strategy that considers uneven mode execution probabilities as 

well as important power reduction aspects, such as multiple task implementations and 

core allocation. For this purpose a GA based mapping approach has been proposed along 

with four improvement strategies to effectively handle the optimisation of component 

shutdown, transition time, area usage, and timing behaviour. These improvement strate-

gies guide the mapping optimisation of multi-mode specifications towards high quality 

solutions in terms of power consumption, timing feasibility, and area usage. Furthermore, 

these strategies help to reduce the optimisation times needed by conventional genetic algo-

rithms, since they use computational inexpensive constructive heuristic in a local search 
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fashion. A newly introduced transformational-based algorithm for DVS-enabled hard-

ware components, which is capable of performing parallel task execution, allows to easily 

leverage the efficiency of existing voltage scaling algorithms. This algorithm transforms a 

set of potentially parallel executing tasks on a single HW component into a set of sequen-

tial executing tasks, taking into account imposed deadlines and inter-PE communications. 

The proposed techniques and algorithms have been validated through extensive exper-

iments including a smart phone real-life example. These experiments have demonstrated 

that taking into account mode execution probabilities throughout the system synthesis 

leads to substantial energy savings compared to conventional approaches which neglect 

this issue. Furthermore, DVS has been considered in the context of multi-mode embedded 

systems and it was shown that considerably high energy reductions can be achieved by 

combining both the consideration of execution probabilities and dynamic voltage scaling. 



Chapter 6 

LOPOCOS: A Prototype Low Power 

Co-Synthesis Tool 

Chapters 3,4, and 5 have described a number of new techniques for the design of energy-

efAcient distributed embedded systems. The main aim of this chapter is to show how 

these techniques can be used to explore the architectural design space with the intention of 

finding high quality system-level designs. The intention of the architectural design space 

exploration is the identification of a suitable architecture that will be integrated inside a 

new product, as outlined in Chapter 1. For this purpose the prototype co-synthesis tool, 

LOPOCOS (Low Power Co-Synthesisl has been developed. LOPOCOS incorporates 

the algorithms proposed in Chapters 3, 4, and 5. The overall goal of LOPOCOS is to 

equip system designers with a tool that helps to effectively explore different architectural 

implementations through an automated system-level design process. Using LOPOCOS, 

it will be demonstrated how suitable architectures (combinations of processing elements 

which are interconnected via communications links) can be derived for a realistic smart 

phone example. The smart phone example has been chosen because it is of sufficient 

complexity to assess the capability of LOPOCOS in terms of real-world applicability. 

The remainder of this chapter is organised as follows. Section 6.1 discusses the 

smart phone applications and their representations as task graphs. Section 6.2 introduces 

LOPOCOS and demonstrates its usage for architectural design space exploration. Finally, 

Section 6.3 provides some concluding remarks. 
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6.1 Smart Phone Description 

Emerging smart phones often combine cellular phones, digital cameras, and MP3 players 

into a single device. The specification through task graphs of such a smart phone is de-

scribed in this section. The section is split into three subsections which briefly outline the 

applications used within the smart phone. Section 6.1.1 describes the voice compression 

and decompression algorithms used within GSM (Global System for Mobile Telecommu-

nication) cellular phones. Section 6.1.2 details the decompression algorithm used for the 

MPS audio files. And finally. Section 6.1.3 provides information about the JPEG image 

compression and decompression standard. These applications and their combinations are 

used to model the different modes in the operational mode state machine of the smart 

phone (Figure 5.1, Page 105). 

6.1.1 Voice Compression and Decompression 

For reasonably good communications, the human voice has to be sampled at and 

quantised with at least \3bit. Thus, the transmission of one second of human voice re-

quires a data transfer of ISOOÔ /̂̂ ĝ . To reduce this amount of data, GSM cellular phones 

compress voice streams using regular pulse excitation long-term predictor full-rate speech 

transcoders, or short RPE-LTP transcoders. These transcoders model the human voice 

system through two filters, the linear-predictive short-term filter and the long-term pre-

dictive filter. Figure 6.1 shows block diagrams of the encoder and the decoder units. The 

encoder divides the incoming voice signal into short-term predictable parts, long-term 

predictable parts, and the remaining residual pulse. The resulting parameters of the fil-

ters and residual pulse are quantised and encoded. Using this compression technique, the 

130006)/fg/j' data stream is reduced to 16256);fg/a', a compression ratio of 8 to 1. Upon 

receiving the encoded voice stream, the decoder decompressed the parameter settings for 

the filters and the residual pulse. Using these settings the "original" voice signal is recon-

structed. A publicly available C implementation of the GSM transcoder was developed by 

Degner et al. [4], From this description the task graphs for the encoder and the decoder 

were derived, in order to permit their usage for the co-synthesis. The derivation of the 

task graph requires careful consideration of several aspects, including: 

Loop unrolling: In order to reveal parallelism in the application, complex loops with a 
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Figure 6.1; Block diagram of the GSM RPE-LTP transcoder [69] 

fixed iteration counts can be unrolled and split into several tasks. 

Function collapsing: Several trivially small sub-functions are collapsed into single tasks. 

Data flow extraction: Memory variables that are shared among functions are transformed 

into data dependencies between tasks. 

Figures 6.2 and 6.3 show the extracted task graph specification of the GSM encoder and 

decoder. The encoder consists of 53 tasks and 80 edges, while the decoder is given by 

34 tasks and 55 data dependencies. In accordance to the input frame size of 160 samples 

(each covering one sample period of 8kHz), both algorithms need to be performed with 

a repetition rate of 20mj'. If these rate cannot be satisfied, frames are dropped, and each 

dropped frame corresponds to a voice gap of 20ms, which seriously affects the quality of 

the communication. 

In order to estimate the execution properties of each task, the specifications have been 

software profiled (assessment of function calls and time spend in each function) using 

several realistic input voice streams. Details about the execution properties of tasks are 

given in Appendix B, where the task graphs and the technology files are presented. 



6.1 Smart Phone Description 139 

<N O 

Decoding of 

CoefTicicnu 40 . 1 5 ^ C o c m c i e n U 27 . 3 ^ 

L A R p to i p 

L T P parameter: 

RPÊd 
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6.1.2 MP3 Decoder 

MP3 (MPEG-1 Audio Layer 3) has become the de facto standard for the compression 

of music audio signals. Using a bit stream of 128^6^^, music can be stored in near-CD 

quality. The block diagram shown in Figure 6.4 outlines the functionality of the decoder. 

Each input frame contains a header and the signal samples. The header describes the 

header (sample freq.) 

Input: ; . I' ] I 
Header + ' & 1 ( 1 Audio 
Samples 

b 
Packet Huffman 

Dequantise 
Inverse Sub-Band 

Decoder Decoding 
Dequantise 

DCT Synthesis 
Signal 

Figure 6.4: Block diagram of the MPEG-1 layer 3 audio decoder 

encoding parameters such as sample frequency, stereo (mono) signal, and the block type, 

while the signal samples represent the encoded audio information. In the first step of 

the MP3 decoder, the input frames are separated into header and samples. The samples 

are passed to the Huffman decoder and are deqantised to derive the coefAcients for the 

inverse cosine transformation (IDCT). The outcome of the IDCT is fed into the sub-band 

synthesis filter which reconstructs the "original" audio signal from different frequency 

sub-bands. Similar to the GSM transcoder, the task graphs specification was derived from 

a publicly available MP3 decoder implementation [68]. The task graph representation 

was introduced in Chapter 1 (Figure 1.3, Page 7). It consists of 17 tasks and 18 data 

dependencies. To ensure an uninterrupted audio signal of high quality at the output, the 

execution of all tasks in the graph has to be repeated every 25mf. Execution properties 

were extracted through the profiling of several real music Ales. More details are given in 

Appendix B. 

6.1.3 JPEG Image Compression and Decompression 

The JPEG compression standard is a transformation-based encoding technique that signif-

icantly reduces the required storage space of digital images [142]. Inside the smart phone, 

the JPEG encoder is responsible for the efficient storage of images that are taken with the 

integrated digital camera. The taken photos do not only need to be stored in compressed 

form within the smart phone memory, but also need to be restored upon user requests. 

Block diagrams of both compression and decompression are shown in Figure 6.5. The in-

put to the encoder consists of image sub-blocks with a size of 8x8 pixels. In the first stage 
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Figure 6.5: Block diagram of the JPEG encoder and decoder [142] 

a discrete cosine transformation (DCT) is applied. The goal of the DCT is to redistribute 

the signal energy to a small set of transformation coefficients. This allows to nullify many 

of the coefficients during the quantisation, which, in turn, enables an efficient encoding to 

reduce the storage requirements. The decoder inverts these three steps to reconstruct the 

image. Due to the quantisation/dequantisation this compression scheme belongs to the 

class of lossy encoding techniques, i.e., during the encoding some information is "lost" 

which results in degradation of the image quality. The JPEG library used in smart phone is 

also publicly available [5]. The corresponding task graphs are given in Figure 6.6, where 

the sequential nature of the graph can be observed. The encoder needs to store four photos 

Downsample 

2 

rgb convertion 

FDCT 

Quantisation 

Humnan coder 

Humnan decoder 

CoeM. 

Der-Quantisation 

colour-transform 

(a) Encoder (b) Decoder 

Figure 6.6: Task graphs of the JPEG encoder and decoder 
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per second to allow a quick series of shots. Hence, the repetition rate should match 2 0 ^ 

for the an image size of 1024x768 pixels. The repetition rate of the decoder, on the other 

hand, needs to be at least 40/iy in order to restore images within half a second. Similar to 

the GSM codec and the MP3 decoder, the JPEG encoder and decoder have been profiled 

on realistic input streams (i.e., photos) to extract task characteristics in terms of execution 

time. Refer to Appendix B for details about the task properties. 

6.2 LOPOCOS 

LOPOCOS is a prototype co-synthesis tool that incorporates the algorithms proposed in 

Chapters 3, 4, and 5. The aim of this section is to show how LOPOCOS can be used 

for architectural design space exploration. Using the smart phone applications introduced 

in Section 6.1, the goal of the design space exploration is the identification of an ar-

chitecture (processing elements connected through communication links) that fulAls the 

performance requirements and area constraints on one hand, and minimises the energy 

dissipation and system cost on the other. Figure 6.7 gives an overview of the design How 

used within LOPOCOS. The input to LOPOCOS consists of three ASCII files, which 

contain the following information; 

(a) given as task graphs and operational mode state machine (in 

the case of multi-mode embedded systems). 

(b) TgcAmoZog); containing the available system components (hat can be used to 

compose a target architecture. The library describes the execution properties (e.g., 

execution time, area requirement, dynamic power) of each task when executed on a 

certain components, as shown Table 6.2. Furthermore, it provides static properties 

of the available components (e.g., price, static power consumption, area), as given 

in Table 6.1. 

(c) /MzA'aZ arcAifecfwrg which is allocated based on the designers knowledge. 

After parsing the above introduced files and establishing the necessary data structures, 

LOPOCOS applies the proposed algorithms for mapping, scheduling, and dynamic volt-

age scaling, which have been introduced in Chapters 3, 4, and 5. Once the optimisations 

have been finished, an output file is produced that contains the following information: 
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INPUT 
System Specification (Chapter 5) 
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LOPOCOS 
Phrasing & Data structures 

Allocation candidate 
Component Allocation 

Task mapping candidate 
Task Mapping and Core Allocation 

Comm. Mapping & 
Priority cancHdate 

Communication 
Mapping & Priority 

based List Scheduling 
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Figure 6.7: Design flow used within LOPOCOS 
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(a) Mapping of tasks and communications to the active components. 

(b) Schedule for the system activities. 

(c) Scaled supply voltage for tasks executing on DVS-enabled processing elements. 

(d) Dynamic and static power consumptions. 

(e) Design quality metrics in terms of cost, area violations, and timing penalties. 

(f) General information about the synthesis run, such as number of timing infeasible 

and area infeasible solutions produced during the optimisation. 

In the case of multi-mode systems, this output is provided for each operational mode. Fur-

thermore, LOPOCOS returns the above information as a set of Pareto optimal solutions, 

i.e., several not dominated solutions with different area/energy trade-offs from which the 

designer can choice the most suitable design. 

In order to demonstrate the tool-assisted architectural design space exploration, the 

remainder of this section is split into two subsections. Section 6.2.1 describes briefly the 

necessary input Ales and goes into the details of the library organisation. Section 6.2.2 

outlined the usage of LOPOCOS for architectural exploration. 

6.2.1 Input Descriptions 

Before the system-level synthesis process can be started, it is necessary to establish the 

system specification as well as the technology library. The organisation of these files is 

explained next. 

System Specification 

Within LOPOCOS the system behaviour is modelled as an operational mode state ma-

chine (OMSM). That is, the overall system functionality is represented as top-level finite 

state machine, and each state is further described as a set of task graphs (as discussed in 

Chapter 5). Note, in the case of a single mode system, the OMSM consists of a single 

state and a single task graph. However, the OMSM for the smart phone example models 

the interaction of eight operational modes with 20 possible transitions (refer to Figure 5.1, 
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23 

24 

2 5 

26 

page 105). The Ale description of this OMSM is given in Figure 6.8, which shows the 

20 mode transitions in the lines 3-22. Each of these entries corresponds to a single mode 

I # Possible mode transitions 

2 f FromMode ToMode Maxinu 
3 (0 > {1 100 
4 {1 > (0 10 
5 (1 > {2 100 

6 (1 (3 200 
7 (1 > (4 200 

8 (1 > (5 200 
9 {2 > (1 50 

10 (2 > (3 200 

11 (2 > (6 200 
12 (2 > (7 200 
13 (3 > (4 50 
1 4 (3 > {1 100 
15 (4 > (1 50 
16 {4 > (7 100 
17 (5 > {1 50 
18 {5 > (6 100 

19 (6 > {2 100 
20 (6 > {5 50 

21 a > (2 100 
22 (7 > (4 50 

# Mode execution probabilities 
# The sum of probabilities should equ 

27 ModeO 0 09 
28 Model 0 74 
29 Mode 2 0 01 
30 Mode 3 0 02 
31 Mode 4 0 02 
32 Mode 5 0 10 
33 Mode 6 0 01 
34 Mode? 0 01 

Transition 

Figure 6.8: File description of the top-level finite state of the smart phone 

transition and additionally states the maximal allowed time for the transition. For in-

stance, line 7 refers to the mode transition from Radio Link Control (mode 1) to Decode 

Photo + RLC (mode 4), which is invoked upon a user request to restore photos, as shown 

in Figure 5.1. The maximal allowed time for this transition is 200ms. Furthermore, the 

file shown in Figure 6.8 holds the execution probability of the eight operational modes 

(line 27-34), towards which the design is optimised. 

In order to complete the system specification, the functionality of each operational 

mode has to be expressed as a task graph. An example file description of a task graph 

is show in Figure 6.9. This task graph represents the functionality of mode MPS play + 

RLC. Since this mode fulfils two functions at the same time, MP3 decoding and radio link 

control, it contains two task graphs (lines 6-42 and line 47). The first graph represents the 
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38 

39 

40 

41 

4 2 

43 

44 

45 

4 6 

47 

HYPERPERIOD 0.025 
TOLERABLE_TIMING_PENALTY 1.1 

DECOD 

Task : t 0 0 ) ttype: 46 epst: 0 dtype: NON Deadline: 0 
Task: ( 0 1 ) ttype: 47 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 2 ) ttype: 47 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 3 ) ttype: 40 epst: 0 dtype: NON Deadline: 0 
Task : { 0 4 ) ttype: 40 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 5 ) ttype: 41 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 6 ) ttype: 41 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 7 ) ttype: 48 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 8 ) ttype: 49 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 9 ) ttype: 49 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 10 ttype: 50 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 11 ttype: 50 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 12 ttype: 43 epst: 0 dtype: NON Deadline: 0 
Task : { 0 13 ttype: 43 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 14 ttype: 51 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 15 ttype: 51 epst: 0 dtype: NON Deadline: 0 
Task : ( 0 16 ttype: 52 epst: 0 dtype: HARD Deadline: 0 

Edge ( 0 0 ) — > ( 0 1 ) etype: 6 
Edge ( 0 0 ) — > ( 0 2 ) etype: 6 
Edge ( 0 1 ) — > ( 0 3 ) etype: 6 
Edge ( 0 2 ) — > ( 0 4 ) etype: 6 
Edge ( 0 3 ) - - > ( 0 5 ) etype: 

Edge ( 0 4 ) — > ( 0 6 ) etype: 7 
Edge ( 0 5 ) - - > ( 0 7 ) etype: 7 
Edge { 0 6 ) — > ( 0 7 ) etype: 7 
Edge ( 0 7 ) — > ( 0 8 ) etype: 7 
Edge ( 0 7 ) - - > ( 0 9 ) etype: 7 
Edge ( 0 8 ) — > ( 0 10 ) etype: 7 
Edge ( 0 9 ) — > ( 0 11 ) etype: 7 
Edge ( 0 10 ) — > ( 0 12 ) etype : 7 
Edge ( 0 11 ) — > ( 0 1 3 ) etype ; 7 
Edge ( 0 12 ) — > ( 0 14 : etype 7 
Edge t 0 13 ) — > ( 0 1 5 ) etype : 7 
Edge ( 0 14 ) — > ( 0 1 6 ) etype 7 
Edge ( 0 15 ) — > ( 0 16 ) etype 7 

# .=.===..==.=_==.=_GSM-RLC= 

Task: ( 1 0 ) ttype: 33 

025 

epst: 0 dtype: HARD Deadline: 0.025 

Figure 6.9: File description of a single mode task graph 

MP3 decoding consisting of 17 tasks and 18 edges between these tasks. This description 

corresponds to the specification given in Figure 1.3 on Page 7. Consider, for instance, 

lines 9 and 10 in Figure 6.9 which represent the Huffman decoder tasks T3 and X4 in 

Figure 1.3. The task type 40 (ttype) refers to a Huffman decoder, the earliest possible 

start time (epst) of the tasks is not specihed, and the tasks have no imposed deadline 

(dtype :NON and Deadline :0). The edges between tasks are given in the lines 2 5 ^ 2 . 

For example, line 29 describes the data dependency between tasks 1:3 and Tg, i.e., the data 
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which needs to be transfered from the Huffman decoder to the dequantisation unit. The 

amount of data is given by the edge type etype, e.g., etype: 7 refers to 256 bytes. A 

detailed description of the task graph Ale organisadon is provided in Appendix B. 

Technology Library 

In addition to the system specification given as OMSM and task graphs, LOPOCOS re-

quires the input of a technology library. This library contains modelling information 

about the available system components (processing elements and communication links). 

The overall goal of the co-synthesis is to appropriately select components from this li-

brary to implement the system's functionality according to the system specification. The 

selected components form the target architecture onto which the applicadon is mapped 

and scheduled. Components modelled in LOPOCOS are general-purpose processors 

(GPPs), applicadon-specific instruction-set processors (ASIPs), application-specific inte-

grated circuits (ASICs), field-programmable gate arrays (ETGAs), communication links, 

and memory modules. A small size example of a technology library is shown Figure 6.10. 

It contains three difFerent processing elements: an ARM7 DVS processor (lines 1-17), an 

ASIC in 0 . 3 5 ^ technology (lines 18-34), and aXilinx Virtex Il-pro FPGA (lines 35-51). 

Furthermore, a 16 bit wide communication bus (lines 52-58) and a standard 256kB mem-

ory module (lines 59-65) are given. These components are modelled through two data 

sets: (WepgWgMf compongMf pammgferf and parG/MgfeM. The task 

independent parameters describe static values of components that are unaffected by the 

executed functions. With reference to Figure 6.10, the task independent parameters of the 

ARM7 processor are shown lines 5-8. According to the first three entries, the processor 

has a price of $30, a static power dissipation of SOOfiW, and a nominal operational fre-

quency of SOMHz- A description of all task independent component parameters is given 

in Table 6.1. The task independent parameters can be directly derived from data sheets 

provided by the component or core manufacturers. 

The second group of parameters (task dependent parameters) describe execution prop-

erdes of tasks when implemented on a certain processing element. Consider, for instance, 

the task independent parameters given in line 12 of the technology library (Figure 6.10), 

where task type 1 refers to an FFT task. Executing this algorithm on the ARM? processor 

requires 302300 clock cycles and dissipates an average power of 42?MW. 
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AKM? DVS 

# ==. 
@GPP 

5 # price StPwr(uM) freq pins BEvSleep BEvIDLE AddsMem (32b 

6 30 800 80000 36 0.4 0.004 4294967296 
7 # DVS Vmax vt CommBuffer CommTime CommPower CommMem 
8 1 3.8 1 . 2 1 0.271247 25000 13 

9 9 

10 # type ExeCyc DynPwr(uW) StMem DynMem P r eem Exable 

11 0 48820 36000 7000 3000 0 1 

12 1 302300 42000 8000 2000 0 1 

13 2 124040 51000 400 400 0 1 

14 3 328210 38000 1600 1400 0 1 

15 4 99520 37000 400 400 0 1 

16 

17 ) 

5 895280 60000 3900 1700 0 1 

19 # = = AMS 0. .35 ** 

20 # 20 # 

21 @ASIC 0 { 

22 # price StPwr(uM) freq pins BEvSleep BEvIDLE Area(mm2) 
23 60 10 2500 41 0.01 512 35.50 

24 # DVS Vmax vt CommBuffer CommTime CommPower CommArea 

2.12196 0.4029 .124688 21 32 
-task properties-

# type ExeCyc DynPwr(uM) Area Exable 

222 220 12. .33 
142 141 13, .20 1 

40 70 4, .38 1 

125 324 5, .49 1 

146 460 6, .23 1 

42 60 0. .93 1 

Xlllnx XC2VP7 

GFPGA 0 
# price 
80 

# DVS 
0 

StPwr 
127 
Vmax 
2.5 

(uW) freq 
2500 
vt 
0.74 

pins 
53 

CommBuffer 
1 

BavSleep 
0.058 
CommTime 
0.4339 

BEvIDLE 
1759 
CommPower 
42.79 

CLBs 
1220 
CommCLB 
213 

BaconT 
1000 

RaconPwr 
25.4241 

task properties-
44 # type ExeCyc DynPwr(uW) CLB 
45 0 288 1820 252 
46 1 160 2590 274 
47 2 120 910 66 
48 3 163 2620 75 

49 4 89 4480 128 
50 5 298 390 11 

Exable 

# 

# 

# " — = = 

gLINK 0 , 
# price 
10 

} 

# — 
# == 

# 

^^I0{ 
# price 

5 

StPwr 
775 

Bus 16bit 

freq 
33000 

pins 

16 

BEvSleep 
0.3 

n#xUser 
5 

PckSize PckOver 

33 

aPower 
1881.648 

Memory Module 256kb 

StPwr 
89.7391 

size 
256000 

lOPwr 
145.237 

Figure 6.10: Technology library file 
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Abbrivation Type Explaination 

price GPP/FPGA/ASIC/CL/MEM Hardware cost 
StPwr GPP/FPGA/ASIC/CL/MEM Static power dissipation in jxW 
freq GPP/FPGA/ASIC/CL Maximal/Nominal operational frequency 
pins GPP/FPGA/ASIC/CL Available or needed pin count for 

communication connection 
BEvSleep GPP/FPGA/ASIC Break-even time from sleep mode (if 

implemented) 
BEvIDLE GPP/FPGA/ASIC Break-even time from idle mode (if 

implemented) 
AddsMem GPP Addressable memory size 

Area ASIC Available area 
CLBs FPGA Available configurable logic blocks 
DVS GPP/FPGA/ASIC DVS enable Hag (1-enabled/O-disabled) 

Vmax GPP/FPGA/ASIC Nominal supply voltage (used for DVS) 
Vt GPP/FPGA/ASIC Threshold voltage (used for DVS) 

CommBuffer GPP/FPGA/ASIC Communication buffer available 
CommTime GPP/FPGA/ASIC Bridge communication time 
CommPower GPP/FPGA/ASIC Power dissipation during bridge 

communication 
CommMem GPP Memory needed for bridge com-

munication 
CommArea ASIC Area needed for bridge communication 
CommCLB FPGA CLBs needed for bridge communication 

ReconT FPGA Clock cycles needed for a re-
configuration 

ReconPwr FPGA Power dissipation during re-
configuration 

maxUser CL Maximal users connected to the CL 
PckSize CL Size of each package send over the CL 
PckOver CL Overhead for each communication 

activity 
aPower CL Average dynamic power dissipation 

size MEM Memory size in bytes 
lOPwr MEM Average power for memory accesses 

Table 6.1: Task independent components parameters 

Further, to store the task in the local memory 8000 bytes are required. In addition, 

2000 bytes are allocated dynamically during run-time. The task's execution cannot be 

preempted. Refer to Table 6.2 for a description of the different task dependent parame-

ters. Task dependent parameters are estimated through software and hardware profiling on 

realistic input data or through sophisticated estimation techniques [29,54, 85,138-140]. 
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Abbreviation Type Explaination 

type GPP/ASIC/FPGA refers to the task type (e.g., Huffman decoder) 
ExeCyc GPP/ASIC/FPGA Number of clock clycles needed for execution 
DynPwr GPP/ASIC/FPGA Dynamic power dissipation 
StMem GPP Statically required memory 

DynMem GPP Dynamically allocated memory 
Preem GPP Preemption cycles (needed to store/restore 

registers) 
Area ASIC Area needed for implementation 
CLE FPGA CLBs needed for implementadon 

Exable GPP/ASIC/FPGA Feasible task/PE combinadon (can the task 
type be executed 

Table 6.2: Task dependent parameters 

6.2.2 Architectural Design Space Exploration 

A primary goal of the system designer is to find a suitable architecture that will be embed-

ded together with the application software inside a new product. However, given the myr-

iad of commercially available components and their possible combinations to distributed 

architectures, it is not hard to understand that a straight-forward architectural choice is 

not easy, if not impossible. The intention of LOPOCOS is to ease this design problem by 

equipping the designer with a tool that helps to effectively explore different architectural 

implementation through an automated design process. This section exemplifies the usage 

of LOPOCOS for tool-assisted design space exploration using the smart phone bench-

mark. Several different architectural choices are examined for their suitability in terms 

of cost, performance, area usage, and energy consumpdon. It is shown how the careful 

interpretation of the synthesis outcomes can guide the designer's architecture choices to 

identify solutions of high quality. 

Let us consider the following design scenario. Proper product pricing as well as low 

energy consumption are key to a successful sale. In order to achieve the desired market 

success, the embedded computing system within the smart phone needs to comply with 

the following design constraints: 

# the system price needs to be below $120 and 

# the average power dissipation should not exceed (for an average user). 

Of course, in addidon to these constraints the architecture needs to provide a sufficiendy 
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Type Make Price Properties 

GPPO ARM7DVS-25 $20 high performance (32-bit, 25Mffz, DVS) 
GPPl ARM7DVS-10 $14 medium performance (32-bit, 10M%, DVS) 
GPP2 6052 $5 low performance (8-bit, 6.6M/fz, DVS) 
GPP3 ST68000CP10 $8 medium performance (16-bit, lOM/fz, no DVS) 

ASICO AMS 0.6/xm $30 small area (55.2mm^, no DVS) 
ASICl AMS 0.6/xm $60 large area (150mm^, no DVS) 
ASIC2 AMS 0.6jUm $42 medium area (SOmm ,̂ no DVS) 
ASIC3 AMS 0.6/xm $68 large area (150/M/M ,̂ DVS) 
LINKO PCI Bus $10 7 users, 33M%, 32-bit wide 
LINKl Î C Bus $5 1024 user, serial, AOOkbps 
LINK2 CAN Bus $7 serial, IM^^j 
MEMO 1MB EDO RAM $1 lOOMHz 
MEMl 4MBEDOEIAM $5 100M% 

Table 6.3: Components in a typical technology library 

high performance to meet the timing constraints. Certainly, at a Arst glance 1 .SmW might 

seem unrealistically low. For a standard Lithium-Ion battery with 3.7y and 600/MAA, 

this power consumption would result in a run-time of approximately 58 days (3.7V -

Q.6Ah/l.6mW % 1388/z). However, considering that additional analogue circuity (re-

ceiver, transmitter, audio amplifiers) as well as the display with background light consume 

a non-negligible amount of power, the overall battery life is reduced to several days [92]. 

Nevertheless, taking this into account, the digital part of the system (i.e. the embedded 

system) is liable for approximately 20-30% of the average power consumption, making 

it unavoidable to limit this power dissipation to 1.6mW or lower. 

In order to find an architecture that fulfils the cost, power, and performance criteria, 

the designer can choice different components from a technology library that contains the 

processing elements and communication links shown in Table 6.3. In addition to the 

component names, the table gives some typical price values and component properties. 

Equipped with the system specification of the smart phone and the above given technology 

library, the designer sets out to examine different architectural choice for their suitability 

using LOPOCOS. The architectural design space exploration can be classified into two 

optimisation stages: 

Performance optimisation The first goal during the design space exploration is the iden-

tification of such architectures that fulfil performance requirements of the applica-

tion without penalties in area and cost. 



6.2 LOPOCOS 

Energy Minimisation Once viable architectural implementations have been established, 

the next stage in the optimisation hierarchy is the energy minimisation. Based on 

the design knowledge gathered during the performance optimisation, the designer 

aims to tune the architecture towards energy efRciency by exploiting DVS and by 

carefully increasing the available hardware area to allow the implementation of 

energy critical tasks in hardware. 

The following considers both optimisation steps. 

6.2.2.1 Performance Optimisation 

Architecture 1: 

The purpose of the performance optimisation is the identification of architectures that 

fulfil the computational requirements of the smart phone specification. In accordance to 

the design cost and performance constraints, the designer initially allocates components 

based on intuition or previous-design experience. In fact, many new system designs are 

upgrades from older products. Upgrading existing systems can significantly cut down the 

design costs. Nevertheless, the increasing complexity of new applications demands the 

re-evaluation of the architecture's suitability. For instance, a previously designed GSM 

cellular phone is implemented on an architecture that consists of a low performance 8-bit 

CPU (including a 1MB RAM) an ASIC with an usable area of 55.2?M/M ,̂ both intercon-

nected via an I^C bus. The resulting price of this configuration is $41, according to the 

components cost given in Table 6.3. Considering the GSM transcoder only, the architec-

ture provided sufficiently high performance and even resulted in some performance head-

room. To evaluate if this performance headroom is large enough to additionally perform 

the MP3 decoder as well as the JPEG compression/decompression the designer applies 

LOPOCOS. Figure 6.11 shows the co-synthesis results for this architecture as a trade-off 

between average power dissipation and area penalty. Each diamond represents a timing 

feasible implementation, that is, an implementation that satisfies the imposed deadlines 

and repetition rates of the individual smart phone applications. Consider, for instance, the 

rightmost implementation candidate which has an average power dissipation of 2.5mW. 

This solution shows an area penalty of 2.6, i.e., the available hardware (55.2mm^) is ex-

ceeded by 2.6 times. As the figure illustrates, all solution candidates found violate the 

area constraints (area penalty > 1), hence, the allocated architecture does not provided 
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Figure 6.11: Co-synthesis results of Architecture 1 

sufficient hardware area to accommodate the timing critical tasks of the smart phone ex-

ample. Hence, to viable implement this solution, a hardware area of at least \A3.5mm^ 

{55.2mm^ • 2.6) would be necessary. On the other hand, using a fast processor instead of 

the low performance 6052 CPU would allow to move some timing critical tasks in the 

design towards software implementations, and therefore reduce the required area. 

Clearly, increasing the hardware area (larger ASIC) as well as allocating a fast pro-

cessor would increase the system cost. In the following both possibilities are examined. 

Architecture 2: 

In the first possibility to improve the system design, the designer aims to fulfil the hard-

ware requirements of at least 143.5mm^. This can be achieved by replacing the current 

ASIC 0 with an area of 55.2mm^ by an ASIC 3 which offers 150mm^ (Table 6.3). In this 

way, the area requirements of the smart phone specification should be satisfied. How-

ever, the large ASIC increases the price of the embedded system to $79. The co-synthesis 

outcome of LOPOCOS for this configuration is illustrated in Figure 6.12 (indicated as 

Architecture 2). As expected, this architecture offers sufficient area and computational 

power to perform all applications in the smart phone device adequately. This is indicated 
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Figure 6.12; Co-synthesis results of Architectures 2 and 3 

by the rightmost solution with an area penalty of 1 (no area violation) and an average 

power dissipation of l.lmW. 

Architecture 3: 

Let us consider the second possible modification of the initial allocation. Instead of ex-

changing ASICO with ASIC3, the 6052 8-bit CPU (6.6MHz) is replaced with a more pow-

erful ARM7DVS {25MHz). The price for this implementation is $56. The architecture 

together with the co-synthesis results are shown in Figure 6.12 (indicated as Architec-

ture 3). As it can be observed from the figure, this combination of components allows to 

viably implement the applications. This is achieved due to the higher performance of the 

ARM? compared to the 6052 CPU, which allows to run more of the timing critical tasks in 

software. Yet, the average power dissipation for the solution with no area penalty (repre-

sented rightmost diamond) is close to 6mW, which exceeds the permitted value of 1.6mW 

by nearly 4 times. In fact, also Architecture 2, which achieved an average power dissi-

pation of 2.1mW by increasing the hardware area, could not satisfy the imposed maximal 

power dissipation of 1.6mW. 

In summary, the design space exploration carried out so far, concentrated on area 

and performance aspects only. Starting from an initial yet not viable architecture (Archi-
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tecture 1), the design was refined in two possible directions. Firstly, by increasing the 

available hardware (Architecture 2), and secondly, by increase the performance of the 

software processor. In both case viable designs could be synthesised with LOPOCOS, 

however, none of which could satisfy the imposed power constraint. The aim of the fol-

lowing design space exploration is to further refine the system design in order to meet the 

power constraint. 

6.2.2.2 Energy Minimisation 

Having found some viable system designs (Architectures 2 and 3), the next stage in the 

design space exploration aims to identify solutions that comply not only timing and area 

constrains, but additionally limit the power consumption to imposed constraint. The main 

reason to perform the design space exploration for energy minimisation after the design 

space exploration for performance is the increased optimisation time when DVS is con-

sidered (tenth of seconds compared to 1-2 hours, as shown in the experimental results of 

Chapters 4 and 5). Thus, unnecessary long synthesis runs can be avoided by checking the 

area and timing feasibility before examining the architecture for its energy consumption. 

Architectures 2 and 3: 

The architectures 2 and 3 shown in the Figures 6.12 are able to adequately perform the 

smart phone applications. Both designs include DVS components which have not been 

exploited during the performance optimisation. Hence, the following examines both sys-

tem designs under the consideration of DVS. Figure 6.14 shows the co-synthesis results. 

It can be observed that in both cases the average power dissipation was reduced, as a 

comparison between Figures 6.12 and 6.13 reveals. For instance, the power dissipation of 

Architecture 2 was reduced from 2.1/MM^ to l.PmVy. Similarly, the power dissipation of 

Architecture 3 was reduced from 5.9mW to 3.3miy. Nevertheless, both architectures still 

exceed the imposed maximal power dissipation of 1.67Miy. To overcome this problem, a 

further design refinement is required. 

Architectures 4: 

In general, hardware implementations of tasks are 1-2 orders of magnitude more en-

ergy ef6cient than software implementations [32]. Hence, one possible way to reduce 
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Figure 6.13: Co-synthesis results for Architectures 2 and 3, exploiting DVS 

the power dissipation is map more tasks to hardware. Clearly, this necessitates to in-

crease the available hardware area. In a similar manner, increasing the performance of 

software-programmable can help to reduce energy. This is achieved due to the fact that a 

fast processor is potentially able to satisfy the performance needs of timing critical tasks 

that otherwise would require a hardware implementation. Thus, more hardware area can 

be used to efficiently implement task with high energy dissipation. Of course, faster pro-

cessor consume more power than their slower counterparts, hence the design needs to be 

carefully balanced. Consider, for example, the target architecture shown in Figure 6.14. 

This design consists of an ARM7DVS processors operating at \OMHz and two ASIC 

which provide areas of I50mm^ and 55.2mm^. All components are connected via a single 

I^C bus. The total cost of this architecture is $112, which still complies the price limit of 

$120. Figure 6.14 shows the co-synthesis results for the architecture, with and without 

the consideration of DVS. As it can be seen from the figure, if the DVS feature of ARM7 

processor is not exploited, an average power dissipation of l.lmW can be achieved. This 

is still higher than the imposed power constraint of \.6mW. However, optimising the 

implementation under consideration of DVS, the average power is reduced to O.lmW. 

This is the first implementation that meets all imposed design constraints. The cost is be-

low $120, the timing constraints and area limitations are not violated, and the dissipated 
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Figure 6.14: Co-synthesis results for Architecture 4 

average power is Q.lniW when using DVS. 

It should be noted that this is only one possible solution. Nevertheless, the sys-

tem designer might aim to find even better solutions by further exploring the architec-

tural design space. Finding the presented solution took approximately 4.5 hours on a 

PentiumIII/1.2G//zPC. 

6.3 Concluding Remarks 

The architectural design space of distributed embedded systems is vast. Effective design 

tools are essential to support the system designers in exploring this solution space quickly 

and thoroughly. This chapter has introduced LOPOCOS, a prototype co-synthesis tool 

that can be used for high-level system design as a product planning tool. Considering 

a real-life smart phone example, it was demonstrated how LOPOCOS can be used for 

architectural design space exploration given a set of typical components. The aim of the 

design space exploration is the identification of implementation candidates that not only 

respect the imposed timing and area constraints of the application, but further keeps the 

system cost and the energy consumption within given limits. Two optimisation stages are 
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used to reAne the design towards performance and energy minimisation. During these 

stages, LOPOCOS provides valuable feedback in terms of the co-synthesis trajectory. 

Based on this feedback, possible bottlenecks in the design are identiAed. This, in turn, 

enables the system designer to carry out necessary modiAcations in order to improve the 

system design. Using the smart phone benchmark, it was shown that potential architecture 

can be quickly identified. 
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Conclusion 

It is very likely that the demand for energy-efficient portable systems, as well as their 

complexity, particularly in consumer electronics, will continue to increase. Computa-

tional intensive applications such as multimedia with advanced audio and video coding 

techniques, which, until recently, were only practicable on high-performance stationary 

workstations, are entering the mobile arena. Designing energy-efAcient embedded com-

puting systems for such applications is a challenging and difficult task. This is because 

of the tight energy budget of the powering batteries as well as the massive pressure of 

the consumer electronics market with shortening design cycles and low product costs 

constraints which are essential for the success of these emerging and next-generation 

products. The work presented in this thesis has focused on the design of energy-efficient 

single-mode and multi-mode distributed embedded systems. To achieve energy-efficient 

designs, novel techniques and algorithms have been developed that can be used within 

co-synthesis frameworks to automated the design process of such embedded systems. In 

particular three key issues have been addressed: 

(a) voZfagg .ycaZmg was investigated in the context of single-mode distributed 

heterogeneous embedded computing systems. For this purpose a number of algo-

rithms have been proposed. A new power variation-driven voltage scaling tech-

nique, based on a novel energy-gradient strategy, which overcomes restrictions as-

sociated with traditional approaches, has been introduced. New co-synthesis tech-

niques for scheduling and mapping have been presented, which were specifically 

developed for an effective utilisation of DVS by carefully increasing available slack 

time on DVS-enabled processing elements. 
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(b) The design of co/Mpwrmg has been 

investigated for ± e Arst time and a novel co-synthesis methodology, which enables 

an effective sharing of limited hardware resources by considering mode execution 

probabilities, has been introduced. 

(c) LOPOCOS, a prototype co-synthesis tool ±at incorporates the techniques and algo-

rithms proposed in this thesis, has been developed, with the aim to extensively au-

tomate the system-level design process of energy-efficient embedded system. The 

automation of the design process enables an effective architectural design space ex-

ploration, which supports the system designer in finding a target architecture for 

high quality system implementations. 

The following Section 7.1 will summerise the main contributions made by the presented 

work, and Section 7.2 will outline some relevant areas for future research. 

7.1 Summary and Research Contributions 

Dynamically voltage-scalable processors, which are capable of rapidly changing their 

operational state in terms of voltage and frequency setting "on-the-Hy" in order to trade 

off energy against performance, have recently become available. The work presented in 

this thesis has focused on the energy minimisation of such distributed embedded systems 

that contain DVS processors. 

Chapter 3 has introduced a new power variation-driven voltage scaling technique 

which takes into account the individual power dissipated by tasks during the voltage 

selection, in order to increase the achievable energy savings. A energy-gradient based 

heuristic has been developed for this purpose, which uses a local energy measurement, 

the energy-gradient, to scale tasks that potentially lead to high energy-efficiency. Using 

a mapped-and-scheduled task graph structure (MSTG) allows a propagation of execu-

tion time changes throughout the schedule in linear time; important for a fast execution 

of the scaling algorithm. Furthermore, the influence of a minimal extension time was 

investigated with regard to energy reduction possibility and performance. Experimental 

results have shovm that up to 38% savings can be achieved for small real-life benchmarks 

compared to a more simple and restricted approach that uses a fixed power model. 
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In order to further reduce the energy dissipation of embedded systems, a system-level 

co-synthesis technique particular tailored for DVS was introduced in Chapter 4. By ap-

propriately mapping and scheduling the system tasks and communications, the energy 

reduction capability of DVS is effectively exploited. This is achieved through a thorough 

mapping and scheduling optimisation based on a two-step genetic algorithm. In the first 

step, the schedule of system activities (tasks and communications) as well as the com-

munication mapping are optimised not only towards timing feasibility but additionally 

towards energy minimisation through DVS. This is done using a genetic algorithm with 

a specialised genome representation that combines schedule and communication map-

ping into a single string. The second step is responsible for the mapping of tasks onto 

the processing elements of the target architecture, carefully balancing the design between 

area feasibility and energy minimisation. Both optimisation steps are guided by an en-

ergy estimation based on the voltage scaling technique introduced in Chapter 3. In this 

two-step approach, task mapping and communication mapping have been separated to 

avoid creation of infeasible communication mappings. As a result, the search space is 

restricted to structurally feasible mapping solutions only, reducing the optimisation time 

while maintaining the full possible optimisation potential. Extensive experiments have 

been conducted including a real-life benchmark of an optical flow detection algorithm. 

These experiments have shown that appropriate mapping and scheduling is essential in 

order to achieve high energy savings and simultaneously timing feasible solutions. The 

proposed two-step approach based on genetic algorithms accomplished this in moderate 

optimisation times. 

Chapters 3 and 4 focused on the energy minimisation of single-mode systems. The 

novel co-synthesis approach introduced in Chapter 5 addressed the design of energy-

efficient distributed embedded systems that need to perform multi-modes. Although many 

embedded systems often perform single specific functionalities, such a standalone MP3 

player, modern and next-generation mobile devices demand the support for multiple op-

erational modes, i.e., the operation across a set of several different applications. The 

fundamental difference between single mode and multi-mode systems is that multi-mode 

systems have the possibility to share computational resources among the individual modes 

of operation. Thereby, an effective system-level co-synthesis technique, which accounts 

for resource sharing, can help to significantly reduce hardware cost. The multi-mode 

co-synthesis approach introduced in Chapter 5 is based on a new system specification 
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model called operational mode state machine (OMSM), which captures mode interaction 

together with mode functionality. Considerable energy saving are achieved by taking into 

account the execution probabilities of the different modes during the co-synthesis process. 

These savings are possible even without the employment of DVS. The key contribution 

within this synthesis process was the development of a new mapping strategy, which con-

siders the uneven execution probabilities. This mapping strategy allows the multiple task 

implementation on different processing elements, whenever such multiple implementa-

tions reduce the energy consumption without significantly increasing the system cost. 

The mapping optimisation itself is based on a genetic algorithm. Four new improvement 

strategies help to improve this optimisation process in terms of run-time and solution qual-

ity. This is achieved by carefully pushing the optimisation into promising search space 

regions. Additionally, dynamic voltage scaling was investigated in the context of multi-

mode system. A virtual transformation of tasks executing on DVS-enabled hardware was 

shown to be useful in the presence of simultaneously scalable cores which potentially ex-

ecute tasks in parallel. Overall, numerous experiments clearly indicate the advantage of 

taking mode execution probabilities into account during the co-synthesis. 

Finally, Chapter 6 has introduced LOPOCOS, a prototype system-level co-synthesis 

tool which incorporates the techniques and algorithms proposed in Chapters 3, 4, and 5. 

The tool aids the system designer in finding system implementations that fulfil the im-

posed design constraints. Using a real-life smart phone example, a combination of cel-

lular phone, MP3 player, and digital camera, it was outlined how LOPOCOS can help to 

effectively explore the architectural design space with the aim of finding area and timing 

feasible implementation that minimise system cost and energy consumption, simultane-

ously. 

In conclusion, the broad aim of this thesis was the development of automated design 

techniques for energy-efficient distributed embedded systems. A detailed investigation 

into dynamic voltage scaling for distributed embedded systems has shown that substan-

tial energy savings can be achieved through carefully ordering the execution of activities 

as well as through an appropriate mapping of the application on die target architecture. 

Furthermore, it was shown that the consideration of the mode execution probabilities (ac-

tivation times) during the co-synthesis of multi-mode embedded systems is essential for 

an appropriate resource sharing that yields energy-efficient designs. Considering a real-

istic smart phone example it was demonstrated that up to 66% in energy savings can be 
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achieved compared to a naive approach that neglects execution probabilities as well as 

dynamic voltage scaling. In essence, when seeking to design energy-efRcient distributed 

embedded systems, system-level co-synthesis techniques that consider energy manage -

ment techniques and mode execution probabilities (as the approaches presented in this 

thesis) should be given serious consideration. 

7.2 Future Research Directions 

The present project could be elaborated in many different directions. The following in-

troduces some interesting and relevant areas of future research. 

7.2.1 Control-How Intensive Applications 

Within this work the applications that have been addressed are considered to be data-flow 

dominated. Such applications (e.g. voice encoding and decoding, image and video pro-

cessing) can be accurately modelled using a task graph representation (see Appendix A) 

with the opportunity to express limited control-flow inside each task specification. How-

ever, for application with an extensive, global control-How, models such the control pro-

cess graphs (CPG) [47,151] represent an adequate choice, since they allow a more precise 

and thorough capturing of this kind of system behaviour. In the case of CPGs the uncer-

tainty about the ahead-in-time task execution represents an interesting and challenging 

problem, particularly when considering dynamic voltage scaling. In this context, map-

ping and scheduling techniques have to be developed that are specifically suitable for 

these system specifications. 

7.2.2 Energy-aware Granularity Selection 

The level of granularity has an influence on the performance optimisation potential of the 

application as well as on the optimisation time of the co-synthesis process [71]. Nev-

ertheless, when designing energy-efRcient systems the selected granularity can have an 

additional effect on the energy aspects of the implementation possibilities. Consider, for 

instance, a single task that can be split into two separate smaller tasks. One of which is 

active for most of the computations of the initial task, while the other requires only short 
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execution times. Clearly, when optimising the mapping it is likely that the initial (single) 

task is placed into hardware due to the lower execution time and power reduction (cor-

respondingly, low energy consumption). However, in the case of the split task version, 

a refined mapping can place the task with high computational overhead into hardware, 

while the less computational expensive task part is placed into software, avoiding unnec-

essary waste of hardware resources. Accordingly, the development of an energy-aware 

granularity selection scheme could further improve the co-synthesis process. 

7.2.3 Platform Identidcation 

As the complexity of embedded systems and underlying hardware continues to increase, 

the design cost for these have been risen drastically. For instance, a single mask set for 

a state-of-the-art chip exceed a cost of $0.5M. With shrinking feature size this cost will 

further increase [6,113]. To cope this tremendous cost the design of next-generation 

system-on-a-chip (SoC) embedded systems will be most likely based on platforms, i.e., 

pre-designed hardware architectures that can be used over a set of related applications 

[77]. Even if this hardware might be over-designed for the particular application at 

hand. Nevertheless, a challenging problem is the identification of platforms that allow 

a most cost-effective implementation of several different applications. Not only cost-

effectiveness is essential here. Also energy consumption is an aspect that needs careful 

consideration when seeking to design a widely usable platform. System-level co-synthesis 

can help during the difficult choice of an appropriate platform. For instance, a design 

team might be confronted with the design of three different, yet related application (e.g., 

a smart phone, a PDA, and a portable MP3/DVD player). The development time and 

cost of these products could be significantly reduced if one would And a single hardware 

architecture suitable for all three applications. This platform might be over-designed to 

a certain extend depending on the application that needs to be implemented, but the ex-

pensive and time-consuming hardware design is reduced significantly to a single design 

process. Here investigations into concurrent co-design methodology for several different 

applications are needed. Ultimately, the development of of novel "platform-level" co-

synthesis techniques that consider emerging technologies such as networks-on-a-chip can 

aid the designers in finding a good hardware platform. 



Appendix A 

Supplementary Experiments 

An initial assumption made in this thesis is that the execution time of tasks in transforma-

tional data-How dominated applications is rgZanveZ); independent of the input data stream. 

The following supplementary experiments are used to justify this claim. For the purpose 

of the presented experiments, the MP3 decoder [68] was tested using three different real-

world music pieces, all consisting of approximately 3 minutes and 50 seconds of audio 

information, sampled at a rate of 112t6p^. For all music streams the MP3 player was soft-

ware profiled to extract the relevant loop counts and the function execution times. This 

was achieved by compiling the application with profile information [1]. After running 

the MP3 decoder for the three different music streams, GPROF [3] was used to extract 

the produced proAle information. The following three listings (Tables A.1-A.3) report on 

the made hndings. In precis, the tables show for each function within the MP3 decoder, 

the loop count as well as the approximate execution time information. Comparing these 

values, it can be observed that there is only a small deviation in the execution times of 

function between the different decoding runs. Furthermore, when comparing the over-

all decoding times (30.68.y, 30.21^, and 30.23.y), a maximal variation of 1.4% is given. 

These values can be considered as nearly static. Hence, these experiments have demon-

strated that the execution times are not significantly influenced by different real-world 

input streams. Similar observations hold for the GSM transcoder as well as for the JPEG 

codec. 
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Function Count Total 

ConvertToIeeeEx tended 1 24.200 
DetermineB y teOrder 1 24.200 
GetArguments 1 24.200 
III_antialias 32248 22.060 
III_dequantize_sample 32248 5.760 

ni_get_scale__factors 32248 24.160 
IH_get_side_info 8062 24.130 
III_hufman_decode 32248 20.320 
m_hybnd 1031936 23.380 
III_reorder 32248 23.770 

in_stereo 16124 21.560 
I_CRC_calc 3 24.200 
I_decode_bital]oc 3 24.200 
I_decode_sca]e 3 24.200 
Letext 0 24.200 
SubBandSyn thesis 580464 16.460 
SwapBytesIn Words 2267 23.650 
Writel6BitsHighLow 22 24.200 
Write32BitsHighLow 10 24.200 
WriteBytes 1 24.200 
WriteleeeExtendedHighLow 1 24.200 
aiif_seek_to_sound_data 1 24.200 
aiff_writejieaders 1 24.200 
alloc^buffer 1 24.200 
buffecCRC 3 24.200 
close_bit_stream_r 1 24.200 
create_syn_f]lter 1 24.200 
decode_info 8065 24.200 
desalloc_buH'er 1 24.200 
end_bs 18148 24.200 
getlbit 246666 24.100 
getbits 5134020 22.960 
hdr_to_frps 8065 24.190 
hgetlbit 36835673 19.570 
hgetbits 632870 24.150 
hputbuf 4764148 23.950 
hsstell 628651 24.070 
huffman_decoder 6851927 18.560 
initialize_huffman 32248 24.170 
inv_mdct 1031936 11.200 
main 0 21.050 
main_data_sIots 16124 24.200 
mem_alloc 7 24.200 
open_bit_stream_r 1 24.200 
out_fifo 16164 22.540 

Table A.l: Profiling results of music piece I 
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Function Count Total 

ConvertToIeeeEx tended 1 23.660 
DetermineByteOrder 1 23.660 
GetArguments 1 23.660 

ni_antialias 32188 22.100 
IIl_dequantize_sample 32188 5.560 
III_get_scale_factors 32188 23.590 
IILget_side_info 8047 23.660 
IIIJiufman_decode 32188 19.720 
m_hybnd 1030016 21.590 
III_reorder 32188 23.330 
III_stereo 16094 22.980 
I_CRC_calc 3 23.660 
Ldecode_bitalloc 3 23.660 
I_decode_scale 3 23.660 

Letext 0 23.660 
SubBandSyn thesis 579384 5.610 
SwapBytesIn Words 2263 23.190 
Write 16BitsHigliLow 22 23.660 
Write3 2B i tsHi ghLo w 10 23.660 

WriteBytes 1 23.660 
WriteleeeExtendedHighLow 1 23.660 
aiff_seek_to_sound_data I 23.660 
aifLwrite_headers 1 23.660 
alloc_buffer 1 23.660 
buifer_CRC 3 23.660 
close_bit_stream_r 1 23.660 
create_syn_filter 1 23.660 
decode_info 8050 23.650 
desalloc__buffer 1 23.660 
end_bs 18097 23.660 
getlbit 246555 23.640 

getbits 5124827 21.050 
hdr_to_frps 8050 23.660 
hgetlbit 36226285 18.990 
hgetbits 704216 23.610 
hputbuf 4755284 23.400 
hsstell 574764 23.560 
huffman__decoder 6673700 17.900 
initi alize_huffman 32188 23.660 
inv_mdct 1030016 15.980 

main 0 20.430 
main_data_sIots 16094 23.660 
mem_alIoc 7 23.660 
open_bit_stream_r 1 23.660 
out_fifo 16134 22.550 

Table A.2: Profiling results of music piece II 
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Function Count Total 

ConvertToIeeeExtended 1 24.930 
Determines yteOrder 1 24.930 
GetArguments 1 24.930 
III_antialias 32212 24.380 
III_dequantize_sample 32212 6.270 

ni_get_scale_factors 32212 24.920 
III_get_side_info 8053 24.930 
III_hufman__decode 32212 21.210 
III_hybrid 1030784 23.070 
III_reorder 32212 24.690 

ni_stereo 16106 23.990 
I_CRC_calc 3 24.930 
I_decode_bitalloc 3 24.930 
I_decode_scale 3 24.930 
SubBandSynthesis 579816 11.880 
SwapBytesInWords 2264 24.630 
Wri te 16B i tsHi ghLow 22 24.930 
Write32BitsHighLow 10 24.930 
WriteBytes 1 24.930 
WriteleeeExtendedHighLow 1 24.930 
aifLseek_to_sound_data 1 24.930 
aifCwrite_headers 1 24.930 
alloc_buffer 1 24.930 
buifer_CRC 3 24.930 
close_bit_stream_r 1 24.930 
create_syn_filter 1 24.930 
decodejnfo 8056 24.930 
desalloc^buffer 1 24.930 
end_bs 18106 24.930 
getlbit 246189 24.890 
getbits 5128098 23.540 
hdr_to_frps 8056 24.930 
hgetlbit 36382548 20.470 
hgetbits 692573 24.790 
hputbuf 4758830 24.860 
hsstell 657965 24.930 
huffman_decoder 6756377 19.030 
initializejiuffman 32212 24.910 
inv_mdct 1030784 16.820 
main 0 21.950 
main_data_slots 16106 24.930 
mem_aIloc 7 24.930 
open_bi t_stream_r 1 24.930 
out_fifo 16146 22.520 
read_syn_window 1 24.930 

Table A.3: Profiling results of music piece III 



Appendix B 

Smart Phone Benchmark 

This appendix details the system specification of the smart phone example, which contains 

a GSM celluar phone voice encoder and decoder, an MP3 decoder, as well as an JPEG 

decoder and encoder. The original C code of these algorithms can be found in [4,5,68]. 

The presented task graph representations of these algorithms were derived from these 

sources with slight modifications to express application parallelism. Furthermore, data 

dependencies between tasks was restricted to the essential data only, i.e., trivial small 

data flow between task were inherited into the global data flow to avoid unnecessary high 

communication overhead. 

B.l GSM Voice Compression 

This function is responsible for voice encoding, i.e., for audio compression of human 

voice based on Regular Pulse Excited (RPE) coding with Long Term Prediction (LTP). 

A excellent description of the GSM voice encoding is provided in [69]. The following 

listing describes the task graph of the GSM decoder as used as input to LOPOCOS. This 

description corresponds to the task graph shown in Figure 6.2, page 139. 

1 f THIS IS ALREADY THE HYPER TASK GRAPH ! 
2 HYPERPERIOD 0.02 
3 IOLERABLE_'riMING_PEmLIY 1.0 
4 

6 

7 Task: ( 1 0 ) ttype: 13 epst: 0 dtype: NON Deadline: 0 
8 Task: ( 1 1 ) btype: 14 epst: 0 dtype: NON Deadline: 0 
9 Task: ( 1 2 ) ttype: 15 epst: 0 dtype: NON Deadline: 0 
10 Task: ( 1 3 ) ttype: 16 epst: 0 dtype: NON Deadline: 0 
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B.2 GSM Voice Decompression 

This function reverses the encoding process and hence restores the human voice from the 

13kbps received bit stream. It corresponds to the task graph given in Figure 6.3, page 140. 

1 * THIS IS AIREADY THE HYPER TASK GRAPH 

2 HYPERPERIOD 0.02 
3 TOLERABLE TIMING_PENALTY 1.0 
4 
-•i # ==- - - " G S M DECODER-

7 Task: ( 0 0 ) ttype: 0 epst: 0 dtype NON Deadline 0 

8 Task: ( 0 1 ) ttype: 1 epst: 0 dtype NON Deadline 0 

9 Task: ( 0 2 ) ttype: 1 epst: 0 dtype NON Deadline 0 

10 Task: ( 0 3 ) ttype: 1 epst: 0 dtype. NON Deadline: 0 

11 Task: ( 0 4 ) ttype: epst: 0 dtype: NON Deadline: 0 

12 Task: ( 0 5 ) ttype: 2 epst: 0 dtype: NON Deadline: 0 

13 Task: ( 0 6 ) ttype: 3 epst: 0 dtype: NON Deadline: 0 

14 Task: ( 0 7 ) ttype: 4 epst: 0 dtype: NON Deadline: 0 

15 Task: ( 0 8 ) ttype: 5 epst: 0 dtype: NON Deadline: 0 

15 Task: ( 0 9 ) ttype: 3 epst: 0 dtype: NON Deadline: 0 

17 Task : ( 0 10 ) ttype: 4 epst: 0 dtype: NON Deadline: 0 

18 Task : ( 0 11 ) ttype: 5 epst: 0 dtype: NON Deadline: 0 

19 Task : ( 0 12 ) ttype: 3 epst: 0 dtype: NON Deadline: 0 

20 Task : ( 0 13 ) ttype: 4 epst: 0 dtype: NON Deadline: 0 

21 Task : ( 0 14 ) ttype: 5 epst: 0 dtype: NON Deadline: 0 

22 Task : ( 0 15 ) ttype: 3 epst: 0 dtype: Deadline: 0 

23 Task : ( 0 16 ) ttype: 4 epst: 0 dtype: NON Deadline: 0 

24 : ( 0 17 ) ttype: 5 epst: 0 dtype: NON Deadline: 0 

25 Task : ( 0 18 ) ttype: 6 epst: 0 dtype: NON Deadline: 0 

26 Task : ( 0 19 ) ttype: 7 epst: 0 dtype: NON Deadline: 0 

27 Task : ( 0 20 ) ttype: 12 epst: 0 dtype: HARD Deadline: 0 

28 Task : ( 0 21 ) ttype: 8 epst: 0 dtype: NON Deadline: 0 

29 Task : ( 0 22 ) ttype: 9 epst: 0 dtype: NON Deadline: 0 

30 Task : ( 0 23 ) ttype: 10 epst: 0 dtype: NON Deadline: 0 

31 Task : ( 0 24 ) ttype: 54 epst: 0 dtype: NON Deadline: 0 

32 Task : ( 0 25 ) ttype: 9 epst: 0 dtype: NON Deadline: 0 

33 Task : ( 0 26 ) ttype: 57 epst: 0 dtype: NON Deadline: 0 

34 Task : ( 0 27 ) ttype: 8 epst: 0 dtype: NON Deadline: 0 

3_1 Task : ( 0 28 ) ttype: 9 epst: 0 dtype: NON Deadline: 0 

36 Task : t 0 29 ) ttype: 10 epst: 0 dtype: NON Deadline: 0 

37 Task : ( 0 30 ) ttype: 53 epst: 0 dtype: NON Deadline: 0 

38 Task : ( 0 31 ) ttype: 9 epst: 0 dtype: NON Deadline: 0 

39 Task : ( 0 32 ) ttype: 58 epst: 0 dtype: NON Deadline: 0 

40 Task : ( 0 33 ) ttype: 11 epst: 0 dtype: HARD Deadline: 0 . 

42 Edge ( 0 0 ) --> ( 0 8 ) etype: 10 

43 Edge ( 0 0 ) --> ( 0 21 ) etype: 4 

44 Edge ( 0 0 ) - -> ( 0 24 ) etype: 4 

45 Edge ( 0 0 ) --> ( 0 27 ) etype: 4 

46 Edge ( 0 0 ) --> ( 0 30 ) etype: 4 

47 Edge ( 0 0 ) --> ( 0 23 ) etype: 4 

48 Edge ( 0 1 ) - -> ( 0 6 ) etype: 18 

49 Edge ( 0 1 ) --> ( 0 7 ) etype: 16 

50 Edge ( 0 1 ) --> ( 0 8 ) etype: 19 
51 Edge ( 0 2 ) --> ( 0 9 ) etype: 18 
52 Edge ( 0 2 ) --> ( 0 10 ) etype: 16 
53 Edge ( 0 2 ) --> ( 0 11 ) etype: 19 
54 Edge ( 0 3 ) --> ( 0 12 ) etype: 18 

55 Edge ( 0 3 ) --> ( 0 13 ) etype: 16 

56 Edge ( 0 3 ) --> ( 0 14 ) etype: 19 

57 Edge ( 0 4 ) --> ( 0 15 ) etype: 18 

58 Edge ( 0 4 ) --> ( 0 16 ) etype: 16 

59 Edge ( 0 4 ) --> ( 0 17 ) etype: 19 

60 Edge ( 0 5 ) --> ( 0 19 ) etype: 0 

61 Edge ( 0 6 ) --> ( 0 7 etype: 20 

02 
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62 

63 

64 

65 

66 
67 

66 
69 

70 

71 

72 

73 

74 

75 

76 

77 

7: 
79 

80 
SI 

B2 
83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

93 
96 

97 

Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 
Edge 

10 

19 

0 22 ) 

0 23 ) 
0 23 ) 
0 24 ) 
0 25 ) 
0 26 ) 

0 26 ) 
0 2 1 ) 

0 28 ) 

0 29 ) 
0 29 ) 
0 30 ) 
0 31 ) 
0 32 ) 
0 32 ) 

0 
0 

0 
0 
0 18 
0 18 

0 
0 19 ) 
0 19 ) 
0 19 ) 

) 

) 

— > 

— > 

— > 

— > 

— > 

— > 

— > 

— > 

— > 

— > 

0 8 ) 

0 11 ) 

0 10 ) 

0 11 
0 14 
0 13 
0 14 
0 17 
0 16 
0 17 

0 20 
0 23 
0 26 
0 29 
0 32 
0 21 

0 30 
0 22 
0 23 

0 33 
0 25 
0 26 
0 29 
0 33 
0 28 
0 29 
0 32 
0 33 
0 31 

0 32 
0 20 
0 33 

etype: 11 
etype: 10 
ecype: 20 
etype: 11 
etype: 10 
etype: 20 
etype: 11 
etype; 10 
etype: 20 
etype: 11 
etype: 2 
etype: 10 
etype: 8 
etype: 9 
etype: 8 
etype: 10 
etype: 0 
etype: 0 
etype: 0 
etype: 0 
etype: 0 
etype: 0 
etype: 0 
etype: 8 
etype: 0 
etype: 0 
etype: 0 
etype: 9 
etype: 0 
etype: 0 
etype: 0 
etype: 8 
etype: 0 
etype: 0 
etype: 0 
etype: 10 

B.3 MP3 Sound Decoder 

The following specification file provides the MP3 decoder that has been introduced in 

Section 1.2.1, shown in Figure 1.3. This decoder reads encoded audio information from 

an data stream, and reproduces through several lossy transformations the "original" au-

dio signal. To ensure a high quality audio signal, a repetition rate of AQHz should be 

constantly maintained. 

3 

4 

5 

6 

7 

B 
9 

10 

11 
12 
13 

14 

# THIS IS ALREADY THE HYPER TASK GRAPH 
HYPERPERIOD 0.025 
TOLERABLE_TIMING_PENALTY 1.1 

Task: 
Task: 
Task: 
Task: 
Task: 
Task: 
Task: 
Task: 

0 
0 
0 
0 
0 4 
0 5 

0 6 

2 ) 

3 ) 

) 

( 0 7 ) 

=MP3-DEC0DER= 

ttype: 46 
ttype: 41 
ttype: 47 
ttype: 40 
ttype: 40 
ttype: 41 
ttype: 41 
ttype: 48 

epst: 0 
epst: 0 
epst: 0 
epst: 0 
epst: 0 
epst: 0 
epst: 0 
eost: 0 

dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 

Deaaiine: 
Deadline: 
Deadline: 
Deadline: 
Deadline: 
Deadline: 
Deadline: 
Deadline: 
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13 Task : 0 8 ) t t y p e : 49 e p s t : 0 

16 Task : 0 9 ) t t y p e : 49 e p s t : 0 

17 Task : 0 10 t t y p e : 50 e p s t : 0 

18 Task : 0 11 t t y p e : 50 e p s t : 0 

19 Task : 0 12 t t y p e : 43 e p s t : 0 

20 Task : 0 13 t t y p e : 43 e p s t : 0 

21 Task : ( 0 14 t t y p e : 51 e p s t : 0 

22 Task ( 0 15 t t y p e : 51 e p s t : 0 

23 

24 

25 Edge ( 0 0 ) - - > ( 0 1 ) e t y p e 6 

26 Edge ( 0 0 > — > ( 0 2 ) e t y p e 6 

27 Edge ( 0 1 ) — > ( 0 3 ) e t y p e 6 

28 Edge { 0 2 ) — > ( 0 4 ) e t y p e 6 

29 Edge ( 0 3 ) - - > ( 0 5 ) e t y p e 6 

30 Edge ( 0 4 ) — > ( 0 6 ) e t y p e 6 

31 Edge ( 0 5 ) - - > ( 0 1 ) e t y p e 6 

32 Edge ( 0 6 ) — > ( 0 7 ) e t y p e 6 

33 Edge { 0 7 ) — > ( 0 8 ) e t y p e 6 

34 Edge ( 0 7 ) — > ( 0 9 ) e t y p e 6 

35 Edge ( 0 8 ) — > ( 0 10 1 e t y p e 6 

36 Edge ( 0 9 ) — > ( 0 11 ) e t y p e 6 

37 Edge { 0 10 ) — > ( 0 12 ) e t y p e : 6 

38 Edge ( 0 11 ) — > ( 0 13 ) e t y p e : 6 

39 Edge { 0 12 ) — > ( 0 14 ) e t y p e : 6 

40 Edge ( 0 13 ) — > ( 0 15 ) e t y p e : 6 

dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: NON 
dtype: HARD 
dtype: HARD 

Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0 

025 
025 

B.4 JPEG Image Encoder 

The JPEG encoder within the smart phone device is responsible for the compression 

of images that have been taken with the integrated digital camera. Unlike the previ-

ous functionalities, the image encoder does not need a constant repetition rate to en-

sure an appropriate quality. A violation of the repetition rate of 20% can be tolerated 

(T0LERABLE_TIMING_PENA1TY 1.2). Yet, to achieve a quick image encoding within a 

quarter of second it is necessary to iterate the task graph in 2Qfxs. Thereby, allowing the 

user to take a maximum of 4 pictures (1024x768 pixels) per second. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 

15 

16 

17 

# THIS IS ALREADY THE HYPER TASK GRAPH 
HYPERPERIOD 0.000020 
TOLERABLE_TIMING_PENALTY 1.2 

Task: ( 0 0 ) 
Task: ( 0 1 ) 
Task: ( 0 2 ) 
Task: 
Task: 

Edge 
Edge 
Edge 
Edge 

0 3 ) 
0 4 ) 

( 0 0 ) 
( 0 1 ) 
( 0 2 ) 
( 0 3 ) 

=JPEG-ENCODER= 

ttype: 35 
ttype: 36 
ttype: 37 
ttype: 38 

ttype: 39 

—> (01 
—> (02 
—> (03 
--> (04 

epst: 0 
epst: 0 
epst: 0 

epst: 0 
epst: 0 

etype: 7 
etype: 7 
etype: 7 
etype: 7 

dtype: NON 
dtype: NON 
dtype: NON 

dtype: NON 
dtype: HARD 

Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0 
Deadline: 0.000020 



B.5 JPEG Image Decoder 176 

B.5 JPEG Image Decoder 

The JPEG decoder is used to restore the stored images in order to display them on the 

backside TFT-dispIay. This algorithm should allow the user to flick through the already 

taken photos, with up to two pictures per second Similar to the encoder, the repe-

tition rate of the decompression can tolerate a penalty of up to 20%. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 

15 

16 
17 

18 

19 

# THIS IS ALREADY THE HYPER TASK GRAPH 

HYPERPERIOD 0.00004 

TOLERABLE TIMING PENALTY 1.2 

= = = = = = = = = = = = =JPEG-DECODER= = = = = = = = = = = = = = = = = = = = 

Task: ( 0 0 ) ttype: 40 epst: 0 dtype: NON Deadline: 0 

Task: ( 0 1 ) ttype: 41 epst: 0 dtype: NON Deadline: 0 
Task: ( 0 2 j ttype: 42 epst: 0 dtype: NON Deadline: 0 
Task: ( 0 3 ) ttype: 43 epst: 0 dtype: NON Deadline: 0 

Task: { 0 4 ) ttype: 44 epst: 0 dtype: NON Deadline: 0 
Task: ( 0 5 ) ttype: 45 epst: 0 dtype: HARD Deadline: 0 

Edge: ( 0 0 ) — > ( 0 1 j etype 7 
Edge: ( 0 1 ) — > ( 0 2 ) etype 7 
Edge: ( 0 2 ) — > ( 0 3 ) etype 1 
Edge: ( 0 3 ) — > ( 0 4 ) etype 1 
Edge: 1 0 4 ) — > ( 0 5 ) etype 7 

004 

B.6 Technology File 

The processing elements described in this library are based on data that has been derived 

from real-world processors such as the dynamic voltage scalable CPU developed by Burd 

et al. [31, 33]. As outlined in Chapter 6, this file contains the task independent and the 

task dependent parameters. In detail, ±ree processors, three ASICs, and a FPGA are 

described. Furthermore, the smart phone specification consists of 60 different task types, 

each representing the functionality of a single task. The task type is used to look up 

the execution properties, such as execution time and dynamic power dissipation, from 

the technology library. Furthermore, associating a type with each task enables an easy 

consideration of resource sharing, since tasks of identical types can be executed on the 

same components. The annotation of a task with a deadline type allows the synthesis 

of systems that must execute mixed application with hard real-time and soft real-time 

constraints. This feature can be use specify soft deadline tasks, which would degrade the 

quality of the system when exceeded. This is unlike hard deadline tasks which have to be 

met during run-time. Similarly to the tasks, the communication edges between two tasks 
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are annotated with a type (etype). This index specifies die data amount that needs to be 

transferred and it is looked up in the technology library. 

1 f THIS IS THE TECHNOLOGY FILE 
2 f last modified 10th July 2002 (Processor data according to ARM and Burd) 
3 

4 ecpp 0 I 
3 f price StPwr freq pins BEvSleep BEvIDLE AddsMem DVS 
6 100 800 25000 26 0.4 0.004 256000 1 
7 

: # Vmax vt CommBuffer CommTime CommPower CommMem 

10 
]] 
10 
]] 

12 # type ver sion ExeCyc DynPwr StMem DynMem Preem Exable 
13 0 0 2882 25000 8000 400 1 1 
14 1 0 200 25000 8100 400 1 1 
15 2 0 100 25000 7300 400 1 
16 3 0 981 25000 420 400 1 1 
17 4 0 395 25000 400 400 
18 5 0 2952 25000 5300 400 1 1 
19 6 0 2000 25000 7600 400 1 1 
20 7 0 160 25000 2900 400 1 1 
21 8 0 115 25000 1400 400 1 1 
22 9 0 552 25000 400 400 1 1 
23 10 0 15200 25000 10500 400 1 1 
24 11 0 15596 25000 20000 400 1 1 
25 12 0 2882 25000 5500 400 1 1 
26 13 0 3617 25000 5400 400 1 1 
27 14 0 23628 25000 400 400 1 1 
28 15 0 85864 25000 8400 400 1 
29 16 0 3460 25000 2300 400 1 1 
30 17 0 472 25000 900 400 1 
31 18 0 315 25000 600 400 1 1 
32 19 0 157 25000 100 400 1 1 
33 20 0 52 25000 200 400 1 1 
34 21 0 197 25000 200 400 1 1 
35 22 0 26154 25000 1900 400 1 
36 23 0 3617 25000 2100 400 1 1 
37 24 0 26007 25000 4600 400 1 1 
38 25 0 5013 25000 8600 400 1 1 
39 26 0 5014 25000 3400 400 1 1 
40 27 0 1140 25000 4700 400 1 1 
41 28 0 1966 25000 3700 400 1 1 
42 29 0 787 25000 1400 400 1 1 
43 30 0 472 25000 9400 400 1 
44 31 0 200 25000 8200 400 1 1 
45 32 0 3617 25000 800 400 1 1 
46 33 0 1500 25000 900 400 1 1 
47 34 0 1200 25000 1900 400 1 
48 35 0 41580 25000 10900 400 1 1 
49 36 0 138666 25000 22600 400 1 
50 37 0 180246 25000 32500 400 1 
51 38 0 177474 25000 3200 400 1 1 
52 39 0 122034 25000 1300 400 1 1 
53 40 0 36181 25000 400 400 1 1 
54 41 0 14172 25000 3400 400 1 1 
55 42 0 38982 25000 4200 400 1 
56 43 0 144924 25000 20400 400 1 
57 44 0 79250 25000 2400 400 1 
58 45 0 135890 25000 44400 400 1 1 
59 46 0 1071 25000 7700 400 1 1 
60 47 0 476 25000 200 400 1 1 
61 48 0 63914 25000 1300 400 1 1 
62 49 0 2568 25000 600 400 1 1 
63 50 0 21305 25000 3300 400 1 1 
64 51 0 266687 25000 10290 400 1 1 
65 52 0 78462 25000 4900 400 
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66 53 0 1060 25000 500 400 1 1 
67 54 0 123 25000 200 400 1 
68 55 0 55 25000 100 400 1 1 
69 56 0 471 25000 200 400 1 1 
70 57 0 16370 25000 200 400 1 1 
71 58 0 140310 25000 1400 400 1 
72 59 0 9154 25000 5400 400 1 1 
73 } 

74 

75 

76 @GPP 1 ( 
77 # price StPwr freq pins BEvSleep BEvIDLE AddsMam 
78 50 800 10000 26 0.5 0.005 256000 
79 

80 * Vmax vt CommBuffer CommTime CommPower CommMem 
81 

82 

83 

84 

1.8 0.6 1 0.271247 2000 13 81 

82 

83 

84 # type vers: on ExeCyc DynPwr StMem DynMem Preem Exable 
85 0 0 2882 12000 8000 400 1 1 
86 1 0 200 12000 8100 400 1 1 
87 2 0 100 12000 7300 400 1 1 
88 3 0 981 12000 420 400 1 1 
89 4 0 395 12000 400 400 
90 5 0 2952 12000 5300 400 1 1 
91 6 0 2000 12000 7600 400 1 
92 7 0 160 12000 2900 400 1 
93 8 0 115 12000 1400 400 1 1 
94 9 0 552 12000 400 400 1 1 
95 10 0 15200 12000 10500 400 1 
96 11 0 15596 12000 20000 400 1 1 
97 12 0 2882 12000 5500 400 1 1 
98 13 0 3617 12000 5400 400 1 
99 14 0 23628 12000 400 400 1 

100 15 0 85864 12000 8400 400 1 1 
101 16 0 3460 12000 2300 400 1 1 
102 17 0 472 12000 900 400 1 1 
103 18 0 315 12000 600 400 1 1 
104 19 0 157 12000 100 400 1 1 
105 20 0 52 12000 200 400 1 1 
j06 21 0 197 12000 200 400 1 1 
107 22 0 26154 12000 1900 400 1 1 
108 23 0 3617 12000 2100 400 1 1 
109 24 0 26007 12000 4600 400 1 1 
110 25 0 5013 12000 8600 400 1 1 
111 26 0 5014 12000 3400 400 1 1 
112 27 0 1140 12000 4700 400 1 1 
113 28 0 1966 12000 3700 400 1 1 
114 29 0 787 12000 1400 400 1 
115 30 0 472 12000 9400 400 1 
116 31 0 200 12000 8200 400 1 1 
117 32 0 3617 12000 800 400 1 1 
118 33 0 1500 12000 900 400 1 1 
119 34 Q 1200 12000 1900 400 1 1 
120 35 0 41580 12000 10900 400 1 1 
121 36 0 138666 12000 22600 400 1 1 
122 37 0 180246 12000 32500 400 1 1 
123 38 0 177474 12000 3200 400 1 1 
124 39 0 122034 12000 1300 400 1 1 
125 40 0 36781 12000 400 400 1 1 
126 41 0 14172 12000 3400 400 1 1 
127 42 0 38982 12000 4200 400 1 1 
128 43 0 144924 12000 20400 400 1 1 
129 44 0 79250 12000 2400 400 1 1 
130 45 0 135890 12000 44400 400 1 
131 46 0 1071 12000 7700 400 1 1 
132 47 0 476 12000 200 400 1 1 
133 48 0 63914 12000 1300 400 1 1 
134 49 0 2568 12000 600 400 1 1 
135 50 0 21305 12000 3300 400 1 1 
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136 51 0 266687 12000 10290 400 1 1 

137 52 0 78462 12000 4900 400 1 1 

138 53 0 1060 12000 500 400 1 1 

139 54 0 123 12000 200 400 1 1 

140 55 0 55 12000 100 400 1 

141 56 0 471 12000 200 400 1 1 

142 57 0 16370 12000 200 400 1 1 

143 58 0 140310 12000 1400 400 1 

144 59 0 9154 12000 5400 400 1 1 

145 } 

146 

147 
148 @GPP 2 I 
149 2 price StPwr freq pins BEvSleep BEvIDLE AddsMem 

150 50 800 6600 26 0.24 0.04 256000 

151 

152 # Vmax vt CommBuffer CommTime CommPower CommMem 

153 1.8 0.6 1 0.271247 18000 13 

154 

155 # 
156 # type vers ion ExeCyc DynPwr StMem DynMem Preem Exable 

157 0 0 2882 9000 8000 400 1 1 

158 1 0 200 9000 8100 400 1 1 

159 2 0 100 9000 7300 400 1 1 

160 3 0 981 9000 420 400 1 

161 4 0 395 9000 400 400 1 1 

162 5 0 2952 9000 5300 400 1 

163 6 0 2000 9000 7600 400 1 1 

164 7 0 160 9000 2900 400 1 1 

165 8 0 115 9000 1400 400 1 1 

166 9 0 552 9000 400 400 1 1 

167 10 0 15200 9000 10500 400 1 

168 11 0 15596 9000 20000 400 1 

169 12 0 2882 9000 5500 400 1 1 

170 13 0 3617 9000 5400 400 1 1 

171 14 0 23628 9000 400 400 1 

172 15 0 85864 9000 8400 400 1 1 

173 16 0 3460 9000 2300 400 1 1 

174 17 0 472 9000 900 400 1 1 

175 18 0 315 9000 600 400 1 1 

176 19 0 157 9000 100 400 1 1 

177 20 0 52 9000 200 400 1 

178 21 0 197 9000 200 400 1 1 

179 22 0 26154 9000 1900 400 1 

180 23 0 3617 9000 2100 400 1 1 

181 24 0 26007 9000 4600 400 1 

182 25 0 5013 9000 8600 400 1 1 

183 26 0 5014 9000 3400 400 1 1 

184 27 0 1140 9000 4700 400 1 1 

185 28 0 1966 9000 3700 400 1 1 

186 29 0 787 9000 1400 400 1 1 

187 30 0 472 9000 9400 400 1 

IBS 31 0 200 9000 8200 400 1 1 

189 32 0 3617 9000 800 400 1 1 

190 33 0 1500 9000 900 400 1 1 

191 34 0 1200 9000 1900 400 1 1 

192 35 0 41580 9000 10900 400 1 1 

193 36 0 138666 9000 22600 400 1 1 

194 37 0 180246 9000 32500 400 1 1 

195 38 0 177474 9000 3200 400 1 

196 39 0 122034 9000 1300 400 1 

197 40 0 36781 9000 400 400 1 1 

198 41 0 14172 9000 3400 400 1 1 

199 42 0 38982 9000 4200 400 1 1 

200 43 0 144924 9000 20400 400 1 

201 44 0 79250 9000 2400 400 1 1 

202 45 0 135890 9000 44400 400 1 1 

203 46 0 1071 9000 7700 400 1 1 

204 47 0 476 9000 200 400 1 1 

205 48 0 63914 9000 1300 400 1 1 
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206 49 0 2568 9000 600 400 

207 50 0 21305 9000 3300 400 

208 51 0 266687 9000 10290 400 

209 52 0 78462 9000 4900 400 

210 53 0 1060 9000 500 400 

211 54 0 123 9000 200 400 

212 55 0 55 9000 100 400 

213 56 0 471 9000 200 400 

214 57 0 16370 9000 200 400 

215 58 0 140310 9000 1400 400 

216 59 0 9154 9000 5400 400 

217 ) 

218 

219 

220 gASIC 0 { 

221 # pri StPwr freq p ^ ^ BEvSl 

222 400 10 2500 21 0.01 

223 

224 # Vmax vt CommB uffer CommTime CommP 

223 2 .1 2196 0.402969 1 0.124688 21 

226 

227 

228 # typ e ExeCyc DynPwr Area Exabie 

229 0 222 220 1233 1 

230 1 142 141 2320 1 

231 2 40 70 438 1 

232 3 125 324 1549 1 

233 4 146 460 2623 1 

234 5 42 60 93 1 

235 6 232 824 4321 0 

236 7 120 390 1924 1 

237 8 32 75 240 0 

238 9 41 80 420 1 

239 10 652 360 2324 1 

240 11 868 376 2364 0 

241 12 293 540 3522 0 

242 13 221 540 3523 0 

243 14 178 100 563 1 

244 15 765 140 743 1 

245 16 979 530 3983 

246 17 132 150 865 1 

247 18 142 330 1206 1 

248 19 116 540 4432 1 

249 20 128 270 1987 0 

250 21 122 310 162 1 

251 22 453 1000 8837 1 

252 23 192 180 982 1 

253 24 759 320 1634 1 

254 25 267 420 1607 1 

255 26 329 440 2230 

256 27 114 110 541 0 

257 28 196 200 733 

258 29 78 260 1324 1 

259 30 47 90 421 1 

260 31 120 200 1065 1 

261 32 136 190 836 0 

262 33 115 300 1532 0 

263 34 220 340 1728 1 

264 35 643 670 3872 

265 36 1 ^ ^ 540 2722 1 

266 37 1 M 9 920 5542 1 

267 38 i ^ m 870 6234 1 

268 39 l ^ W 420 3233 1 

269 40 620 220 1432 1 

270 41 236 550 2989 1 

271 42 971 860 5827 

272 43 2 ^ ^ 440 2251 1 

273 44 l ^ W 1210 10873 1 

274 45 2 n 2 1160 7691 1 

275 46 582 630 2344 1 

BEvIDLE 
512 

CommArea 

32 

Area 
18374 

DVS 
0 
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276 47 146 160 574 1 

277 48 1282 790 3 ^ ^ 1 

278 49 4324 870 5224 0 

279 50 639 440 1734 1 

280 51 5439 12983 1 

281 52 862 780 320 1 

282 53 60 200 233 1 

283 54 113 410 1092 1 

284 55 155 520 2 ^ ^ 1 

285 56 72 440 891 0 

286 57 n s 890 1 ^ ^ 1 

287 58 1690 1920 2360 

288 59 203 1030 832 1 

289 1 
290 

291 

292 

293 @ASIC 1 { 

294 # price StPwr freq p ^ ^ 

295 300 18 2500 24 

296 

297 £ Vmax vt CommBuffer CommT ime 

298 3.3 1.8 1 0 ^ ^ 

299 

300 

301 

302 # type ExeCyc DynPwr Area Exa 

303 0 223 230 l ^ W 1 

304 1 162 70 2 ^ ^ 1 

305 2 73 90 542 1 

306 3 228 160 2 ^ ^ 1 

307 4 148 160 1 ^ ^ 

308 5 63 70 129 1 

309 6 345 620 4899 0 

310 7 178 270 l ^ n 1 

311 8 72 60 356 0 

312 9 63 451 1 

313 10 867 450 1 ^ ^ 1 

314 11 1438 520 2452 i 

315 12 328 410 3798 1 

316 13 123 580 T M B 0 

317 14 438 80 623 1 

318 15 542 70 719 

319 16 1265 50 5098 0 

320 17 245 130 956 0 

321 18 356 150 r w 3 1 

322 19 191 530 4 ^ ^ 1 

323 20 342 140 l ^ U 0 

324 21 121 280 162 1 

325 22 527 980 1 

326 23 267 150 1 0 ^ 0 

327 24 726 270 1 

328 25 189 380 1452 1 

329 26 561 420 ^186 1 

330 27 544 90 618 1 

331 28 259 200 781 1 

332 29 87 250 1562 1 

333 30 163 80 711 1 

334 31 353 170 1 ^ ^ 1 

335 32 178 190 855 1 

336 33 190 240 1 ^ ^ 1 

337 34 182 180 1 ^ ^ 

338 35 1872 440 4 ^ ^ 1 

339 36 1152 410 1 

340 37 1982 730 5 ^ W 

341 38 2621 670 10841 1 

342 39 1792 370 3257 i 
343 40 901 180 1 

344 41 370 ^156 1 

345 42 874 770 5234 1 

BEvSieep 
0.029 

BEvIDLE 
2M0 50000 

CommPower CommAcea 

37 ^ 
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346 43 2538 410 2666 1 
347 44 1983 1330 14134 
348 45 3871 870 4111 1 
349 46 773 720 2785 0 
350 47 541 150 522 1 
351 48 1826 660 3996 
352 49 3992 740 5153 0 
353 50 501 390 2214 1 
354 51 2176 1210 13543 1 
355 52 834 920 542 1 
356 53 87 630 567 
357 54 134 630 2398 1 
358 55 182 1520 2001 
359 56 98 860 562 0 
360 57 289 880 1982 
361 58 1469 2900 2120 1 
362 59 323 2210 863 1 
363 } 
364 

365 

366 GFPGA 0 [ 
367 # p r i StPwr f r e q p i n s 
368 250 127 2500 53 
369 

370 v t CommBuffer CommTime 
371 2.5 0.74 1 0.4339 
372 

373 373 

374 # t y p e ExeCyc DynPwr CLE E x a b l e 
375 0 288 1820 52 0 
376 1 160 2590 74 0 
377 2 120 910 26 0 
378 3 163 2620 75 1 
379 89 4480 128 1 
380 5 298 390 11 1 
381 6 240 8820 252 0 
382 7 120 4410 126 1 
383 8 153 810 23 0 
384 9 152 1020 29 1 
385 10 4547 11650 333 1 
386 11 1519 5390 154 0 
387 12 288 6050 173 0 
388 13 361 6970 199 0 
389 14 2362 1120 32 1 
390 15 8586 1470 42 1 
391 16 346 7300 211 0 
392 17 172 1800 53 0 
393 18 115 260 76 1 
394 19 65 930 268 1 
395 20 67 340 0 
396 21 193 560 16 1 
397 22 2615 16660 476 
398 23 661 2000 57 0 
399 24 2600 2980 85 1 
400 25 601 2700 77 1 
401 26 701 4 M 0 137 1 
402 27 314 1100 34 0 
403 28 296 2660 76 0 
404 29 143 5220 149 0 
405 30 222 1960 56 0 
406 31 98 2730 78 0 
407 32 361 1820 52 0 
408 33 250 2560 73 1 
409 34 220 3110 89 1 
410 35 4158 6550 187 
411 36 13866 5390 154 1 
412 37 18024 9660 276 1 
413 38 17747 11480 328 1 
414 39 12203 5740 164 1 
415 40 3678 2350 67 

BEvSleep BEvIDLE 
0.058 1759 

CommPower CommCLB 

42.79 213 

CLBs 

1220 

Keconl 

1000 

DVS 

0 

ReconPwr 

25.4241 
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416 41 1417 5 n o 146 
417 42 3898 11240 321 1 
418 43 14492 3890 111 1 
419 44 7925 18620 532 1 
420 45 13589 12780 365 1 
421 46 407 4480 128 0 
422 47 276 1190 34 
423 48 9178 6020 172 
424 49 25755 9280 265 0 
425 50 6391 2870 82 
426 51 22668 23730 678 1 
427 52 1853 920 542 1 
428 53 687 4630 567 1 
429 54 1023 7630 398 Q 
430 55 312 19520 402 1 
431 56 1091 5760 162 0 
432 57 932 9830 282 1 
433 58 21469 22900 420 0 
434 59 1323 2210 363 
435 ) 

436 

437 

438 

439 @COMM_AMOUNT 0 { 
440 # t y p e comamount 

441 0 16 
442 1 330 
443 

444 

2 
3 

320 
36 

445 4 16 
446 5 42 
447 6 44 
448 7 256 
449 8 26 
450 9 28 
451 10 240 
452 11 80 
453 12 324 
454 13 100 
455 14 160 
456 15 10 
457 16 2 
458 17 32 
459 ) 

460 

461 

462 @LINK 0 { 

463 # p r i c e StPwr f r e q p i n s B E v S l e e p ^ a x U s e r P c k S i z e PckOver 

^ ^ n S 15 0 ^ 7 8 33 
465 

466 # wTimeRate aPower 

447 17846.3 4881.648 
468 } 

469 

#0 ^mKl{ 
471 f p r i c e StPwr f r e q p i n s B E v S l e e p maxUser P c k S i z e PckOver 

^ M l 3 M M 15 ^ 5 7 8 ^ 
473 

4 ^ # wTimeRate aPower 
17846.3 4781.648 

476 } 

477 

478 

#9 
4M # price StPwr size lOPwr 
481 17.2338 89.7391 257586 145.237 
482 } 



Appendix C 

DVS Problem Formulation for 

Distributed Heterogeneous Systems 

As mentioned in Chapter 3, previous DVS approaches [19,64,89] identify scaling volt-

ages without consideration of the power variations, unlike the PV-DVS optimisation pre-

sented here. The problem can be stated as follows: 

Find for all DVS-PE mapped tasks T E %vs of the system specification a 

single scaling voltage (between the threshold voltage and the nomi-

nal supply voltage under consideration of individual power dissipations 

such that the dynamic energy dissipation Ez is minimised and no 

deadline and precedence constraints are violated. 

The problem can be mathematically expressed using the following definitions, where 

Rq = E R, 0 < A; < -t-oo} and R+ = \ 0: 

# G^(T, C) is the system specification graph, where "T is the set of tasks and C is the 

set of communications. 

# iL) is a directed architecture graph, where is the set of PEs and ^ is the set 

ofCLs. 

# = T U C defines the set of all activities 

# = fP U iL defines the set of all allocated components 
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# %vs G ^ denotes the set of all tasks mapped to DVS-PEs 

# f : 'Z" I—R""" is a function returning the power dissipation of task T executed at 

maximal PE supply voltage 

# is a function returning the minimal execution time of task T 6 CT at 

maximal PE supply voltage 

# V/ : CT R"*" is defined as a function which returns the threshold voltage of the 

PE to which task T G T is mapped 

# is a function returning the maximal supply voltage of the PE to 

which task T 6 "T is mapped 

# % C f denotes the set of all tasks having a hard deadline 

# is a function defined by: 

fc if E E C 

where fc is the communication time for the communication activity y E C 

# f % I—> Rg is a function returning the deadline of task T G % 

# C"' : T t—2^ returns the set of all ingoing edges of task % G T 

# : E I—» Rg is a function which returns the start time of an activity E E 

# A : I—2-̂ ^ defines a function, returning the set of all activities mapped to a 

component K E 

# 7 — [̂ :s(E), + W(E))] is the execution interval of activity E E 

# ! : 1-̂  2^ is a function returning the execution interval of an activity E E 

Using this definitions it is possible to formalise the problem mathematically as ± e min-

imisation of 

% = E (C.l) 

subject to 

(i:) < , Vi E %vs (C.2) 
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(C.3) 

fs(Y) +fMe(Y) < (5(1:), VT e T , Y E C'"(T) (C.4) 

!(E») n :(Em) = 0 , V(En,Em) SO that Ê  eA(Ki),Em E A(K2) =>Ki =K2 (C.5) 



Appendix D 

Derivation of the Energy/Delay 

Trade-Off 

This appendix outlines the derivation of the energy/delay trade-off equation introduced 

in Chapter 2. The normalised circuit delay (f* is given by the increased circuit delay at 

at reduced supply voltage j over the minimal circuit delay at maximal 

supply voltage Using Equation (2.8) (Section 2.1, Page 26) the normalised delay is 

expressed as: 

substituting 

^max 
Vb = (D.2) 

results in 

This can be transformed into the quadratic polynomial; 

(D.3) 

d* 

Solving the quadratic equation results in: 

Vdd-{2V, + ^ ] - V j , + V,̂  = 0 (D.4) 

+ ^ + + - V / (D.5) 
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From Equation (2.6), the normalised energy dissipation is given as: 

E(V,,) Nc-a-C^'Vl, Vl 

E ( V , „ ) N c r a - C i - V ? „ , y „ i „ 

Inserting Equation (D.5) into Equation (D.6) results in the energy/delay trade-off equa-

tion: 

(D.v) 

Note, the energy/delay trade-off depends on the energy dissipation of each task, i.e., on 

the individual power dissipation over time. Therefore, using this equation the different 

power dissipation on a single processing element are taken into account. 
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