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ABSTRACT

Today’s embedded system designers face the challenges of ever increasing complexity and

shorter time-to-market deadlines. System-level methodologies emerge to meet these challenges.

Refinement-based methodologies, such as the SpecC methodology and Transaction Level Mod-

eling, continue to gain popularity in the embedded system designers’ community. However,

as more communication-dominated applications and architectures appear in the market, de-

signers find that the lack of models allowing system-level communication analysis is a major

limiting factor in current system-level design methodologies. Thus, modeling for system-level

communication analysis is key for a design methodology to thrive with today’s embedded sys-

tem designers. This work presents a new approach to system-level modeling that allows better

communication analysis earlier in the design process. This approach defines a new model that

utilizes random variables to include the communication details at higher abstraction levels.

This work proposes a probabilistic model to include and evaluate the system communica-

tion features in the higher abstraction level. Guidelines to include the propose model into

a refinement-based methodology are presented, and methods for performance estimation are

shown.
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CHAPTER 1. Introduction

System complexity continues to grow according to the well-known Moore’s law [41]. In

contrast, designer productivity grows at a much smaller rate. The International Technology

Roadmap [19] indicates a productivity growth of only 21% (designed transistors/staff-month)

in recent years. This imbalance between complexity and productivity clearly shows a gap

between the number of new transistors available and the complexity designers are capable of

handling. This is known as the productivity gap and is shown in figure 1.1.

Figure 1.1 Productivity Gap

The expansion of the productivity gap results in increasing non-recurrent engineering

(NRE) costs, and larger time-to-market periods. To deal with the productivity gap increase

designers turn to System-level design [28]. System-level design tries to reduce the productivity

gap by introducing new abstraction levels that allow designers to handle progressively more

complex systems.
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System-level design introduces higher abstraction levels that hide non-essential details from

the designers. At a given abstraction level the system is represented by an abstracted model.

The abstracted system models let designers evaluate larger areas of the design space more

efficiently.

The highest level of abstraction in system-level design is the specification level. At this

level, a specification model represents the functionally of the target application, and design

constrains. However, none of the implementation details are included in the specification

model. The specification model is the starting point for the design space exploration.

A useful representation of the design space is an orthogonal composition of the computation

and communication design alternatives. This orthogonal relation between computation and

communication is known as separation of concerns. Separation of concern allows the designer

to explore the computation architecture neglecting the communication effects on the system

design.

Traditionally system-level design searches the design space along the computation axis

first. The result of this computation architecture exploration is the architecture model. The

architecture model is generated from the specification model through some refinement process.

The architecture model reflects the structure of the final implementation, and it provides

high-level performance estimates of the computational complexity on the design.

With the structural details in place, the next step is to introduce the communication

details. The architecture model is refined into a communication model through exploration of

the design space along the communication axis. The communication model introduces more

implementation details and allows more accurate an performance estimation. This model is

capable of producing accurate performance estimate of the entire implementation architecture,

accounting for the communication dependencies between the architectural blocks.

The manner in which the design space is explored, first through computation architecture

exploration followed by the narrow communication exploration, reveals a computation-centric

design. Computation-centric design is reasonable where higher computation power translates

to higher performance. However, with the proliferation of embedded communication systems
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(e.g. smart-phones, GPS, etc) and multi-core systems, improvements in computation power are

negated by communication delays. Today’s processors are capable of processing large amounts

of data faster than the data can be transferred to the processor. The system-level design com-

munity reacts to this paradigm change and introduces new tools and methodologies for better

communication analysis integration into the earlier phases of the design space exploration.

1.1 Problem Statement

Recently the area of system-level design has seen a migration from computation-centric

design, to communication-centric. This migration is caused by the realization that commu-

nication is becoming the performance bottleneck in today’s complex systems. System-level

design can no longer perform architecture exploration neglecting the communication effects on

the system performance.

Communication analysis must be included at the architecture abstraction level. Neverthe-

less, to perform communication analysis at higher abstraction levels is not trivial. The main

challenge is the lack of timing information at these abstraction levels. Without this timing

information, it is difficult to define communication performance metrics and acquire accurate

performance estimates to guide the space exploration.

This research focuses on the methods, tools, and modeling guidelines needed to estimate

communication performance at the abstraction levels where the required timing details are not

available. The key issues are (1) the abstraction of the communication architecture features,

and (2) performance estimation given the abstracted communication features.

Thesis Statement: System-level communication characteristics provide meaningful infor-

mation that in the past has only been used for interconnect optimization. Random variables

and statistical methods may be used in a novel manner to estimate communication performance

at higher levels of abstraction, where most communication details are not available. A new sys-

tem design paradigm is defined that evaluates communication characteristics at higher levels of

abstraction in the design methodology and performance analysis. New in this communication-
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centric design is the extraction of the application’s communication behavior and the abstraction

of the platform communication characteristics. The application communication behavior and

platform communication characteristics may be introduced at higher levels of abstractions using

random variables, and statistical methods can provide the tools to better estimate the system

performance at these levels.

1.2 Objectives

Section 1.1 defined the two key issues addressed in this work. The abstraction of the

communication features, to include them at higher abstraction levels; and communication

performance estimation at these levels. The objectives of this research are as follow:

1. To investigate innovative ways to include communication architecture fea-

tures at higher abstraction levels. More specific this research focuses on investi-

gating how to use random variables to include communication architecture features in

higher abstraction models. Random variables may be used when not enough information

is available. At higher levels of abstraction most of the timing information required for

performances evaluation is not available, this is where random variables become useful.

2. To investigate methods for performance estimation with random variables.

The purpose of the random variable model based is to evaluate different communication

events and architecture characteristics. The key to this evaluation is estimation. To cor-

rectly estimate the communication performance it is necessary to combine the dynamic

communication behavior with the random variable based model. This research will in-

vestigate different methods for combining dynamic behaviors with the random variable

model for computation performance estimation.

1.3 Expected Contributions

The expected contributions for this research are in two main areas. (1) Modeling to include

communication details at higher abstractions levels, and (2) performance estimation for design
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space exploration.

1. Communication Modeling at Higher Abstraction Levels

• This research will provide a more complete model at higher abstraction

levels. These models will include more communication details than current models.

Designers will use these new models to evaluate the communication effects earlier

on the design processes.

• This research will provide the tools and guidelines for building the high

abstraction level communication models. For the models built by this research

to become useful to system designers, it is necessary to provide designers with the

tools and guidelines for them to construct similar models for different systems.

2. Performance Estimation

• This research will provide the methods for communication performance

estimation for the new high abstraction level models. For any model to

be useful in system design, it must provide performance estimates of the details

that it models. This research will provide the tools and methods for performance

estimation from the new high abstraction level communication models.

• This research will provide the methods for comparing the communication

estimates to guide the design space exploration. Performance estimates give

information about the current model, but to perform design space exploration it is

necessary to compare the estimates from different models. Traditionally estimates

can be directly compared, but this is not so for the random variable based models.

This research will provide the methods and tools to compare the estimates from the

random variable models and perform the design space exploration.

The rest of this document is organized as follows. Chapter 2 presents the current state of

the research in system-level design, and communication modeling and performance estimation.

Chapter 3 introduces the proposed solution to the communication modeling problem. Finally,

chapter 4 shows the roadmap this research will follow to produce the expected contributions.
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CHAPTER 2. Related Work

System level design is characterized by the different abstraction levels and the refinement

process that guides the designer from one abstraction level to the next. This chapter presents

the state of the research on system level design, and especially how communication details are

included throughout the design flow.

2.1 System Level Design

In the literature there are two major approaches to system level design, refinement-based[20]

and platform-based[45]. For both design approaches, refinement and platform, the initial step

is to represent the application(s) to be implemented as a specification model. The specification

model is the highest level of abstraction containing the application behavior and the design

constraints, but none of the implementation details. The difference between the two system

level design approaches resides in the process by which the specification model is transformed

into a system implementation meeting the design constraints.

The SpecC methodology [23] is probably the best well known example of a refinement-

based design methodology. The SpecC design flow is shown in figure 2.1. The design starts

with a specification model of the application. The specification model represents the behavior

of the application and includes the design constraints (e.g. power, performance, area, etc). In

the SpecC methodology the specification model is written in the SpecC language[21], other

methods for specifying the system specification include MS Excel sheets[26], XML[43], and

even UML[42].

Through the architecture exploration the specification model is refined into an architecture

model. This architecture model is the second abstraction level in the SpecC methodology. At
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Figure 2.1 SpecC Design Flow

this level the system architecture is modeled as a collection of processing elements (PE) that

are approximate-timed models of the computation elements of the architecture.

Cai et al. [11] show how the approximate timed PE models may be used for rapid design

space exploration. This design space exploration depends on the performance estimates avail-

able at the current abstraction level. Cai [9] presents a method for performance estimation

using weight-tables to represent the PE timing characteristics. Schneider [47] shows how to

improve the method in [9] by introducing more accurate low-level aware metrics. After the

system architecture is decided, the next step is to investigate the communication architecture.

The architecture model is refined into the communication model through the communica-

tion synthesis process. The communication synthesis refers to the narrow exploration of the

communication design space, as shown in figure 2.2. In the SpecC methodology the broader

search in figure 2.2 is, in fact, part of the architecture exploration. Other works that do broader

communication exploration, as shown in figure 2.2, are introduced in later sections.

After the communication synthesis, the communication model reflects all the details of the

final system implementation. With the resulting communication model, designers can collect
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Figure 2.2 Communication Design Space

very accurate performance estimates to evaluate the final implementation before manufactur-

ing. The final step is to convert the final communication model into a real implementation,

this is done through the manufacturing process.

Another example of a refinement-based design approach is the Transaction Level Modeling

(TLM) [10]. While not a methodology, in the strictest sense, TLM borrows a lot of concepts

from the SpecC methodology. Like the SpecC methodology, TLM defines different abstraction

levels and the amount of detail that a model at each level contains. Unlike SpecC, TLM does

not define the refinement processes by which one model is transformed into another.

Instead TLM lets the designer use any refinements he/she may see fit for the current design.

Several tools and methodologies became available to fill this gap in TLM. SystemC [1] is the

tool most associated with TLM. SystemC is a C++ library that defines the constructs needed to

build TLM models and includes a discrete event simulator used for executing SystemC models.

Other SystemC-based TLM design tools and frameworks include Simics[39], CoWare[53], and

SystemVerilog[48].

The second most common approach to system level design is the platform-based approach[45].

This approach differs from refinement-based in that the specification model is not recursively

refined into an implementation. Instead, the specification model is directly mapped into a

target platform that models all the implementation details. Performance estimates are gath-

ered for the current mapping. If the design constraints are met the process stops, else another

platform is considered, etc.

Metropolis [4] is an example of platform-based design framework. In Metropolis formal

models are used to model each platform separately. The Metropolis methodology defines how
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a specification model is mapped into one of the platform models.

All of the tools mentioned above, regardless of the approach, initially trim the design space

evaluating the effects of the PEs and neglecting the communication cost. While this order may

seem intuitive, current research shows the pitfalls of not considering the communication cost

early in the design process. The next sections show what researchers are currently doing to

include communication behavior at higher abstraction levels.

2.2 System Level Communication Modeling

In the literature there are two distinct approaches to system level communication modeling.

The first approach is to model the application communication behavior and use this information

to guide the communication architecture design. The second approach is to abstract the

communication features of the target platform and include these features in higher level models.

Representative to the first approach Deb et al. [17] evaluate the impact of control and data

flow for DSP applications on system design. Tedesco et al. [51] explore the impact of different

traffic models for the same application, on the interconnect design, specifically on the quality

of service (QoS). While this is not the first work to evaluate traffic models for interconnect

design[31, 7, 24, 55], it is the first in evaluating the usefulness of the different models for a

certain application class. Santi et al. [46] is another work on the impact of traffic on the QoS

of the interconnect. Similar to [51], Santi et al. [46] characterize the traffic in terms of injection

rates. What is new in this work is the use of traffic statistics to justify the need for QoS in the

system implementation.

While the previous works used models to represent the applications, traces are also common

on system design. Mahadevan et al. [40] presents a trace-based simulation environment. Unlike

traditional trace-based design exploration, the traces used in this work are annotated relative

timing. This relative timing information is used to map the trace to an architecture different

than the reference design.

In system design, the application characteristics are also used for automated architecture

generation. An example of this automated architecture generation is the two phase synthesis
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flow of ×pipes[5]. The first phase is where the system constraints are specified and the ap-

plication characteristics are introduced. The second phase is the automated process of NoC

architecture generation. The use of application characteristics for automated architecture gen-

eration is different from previous works, where the application characteristics were used to

directly evaluate some performance metrics. Ho and Pinkston [30] present another work where

the communication characteristics are used for automated on-chip interconnection network

architecture generation. Different from [5], Ho and Pinkston [30] focus only on well-behaved

communication patterns.

Chandraiah et al. [14] show yet another approach to the application communication analy-

sis. Instead of focusing on how to better represent the application behavior, Chandraiah et al.

[14] addresses the issue of how to build the specification model to better include the appli-

cation communication features. Based on the SpecC methodology[23], this work presents an

automated process to convert an specification model with non-explicit communication through

global variables, into a model with explicit through abstract channels.

The second approach to system level communication modeling is to evaluate the communi-

cation characteristics of the implementation platform and integrate these characteristics into

the higher abstraction level models. Knudsen and Madsen [33] is one of the earlier attempts

at integrating architecture details into the system design. As part of the LYCOS co-design

framework [27], this work evaluates the timing information and implementation metrics (e.g.

area, and power) for PCI and USB protocols and shows how to use these information to guide

the partitioning step. Most recently, Pasricha et al. [44] takes a different approach, where

instead of including the protocol timing information, the communication is evaluated in terms

of transactions. Pasricha et al. [44] presents a model where (1) the communication behavior

is characterized by the type of transactions, and (2) cycle accurate figures are know for each

transaction type on the target platform.

In a more direct approach to communication architecture abstraction Kumar et al. [35]

describes NoC architecture as a collection of communication resources and computation place-

holders. The communication resources are further abstracted through the use of communica-
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tion layers based on the OSI model. This layering approach to communication architecture

abstraction has been adopted by others [49, 6, 25]. A similar approach is found in Coppola et al.

[15], where a C++ library is introduced to facilitate the modeling of layered interconnection

networks.

Other works look at the effects that different communication architectures have on an

application or set of applications. For example, Lee et al. [37] evaluate different communication

architectures for an implementation of the MPEG-2 video application. The application is

implemented in three different communication architectures, bus, point-to-point (P2P), and

NoC. This work is the first showing the true impact of these very different communication

architectures in the system performance of one application. In a similar study, Bononi and

Concer [8] evaluate several architectures and compares analytical versus quantitative results

for a ring, 2D mesh, and the new spidergon mesh.

2.3 System Level Performance Estimation

While most work in the area of system level design tries to define new models or methods

to include more information into the existing abstractions levels, all of this work aims at

better performance estimation. Performance estimation is key to system level design space

exploration. Simulation is the most common method for system level performance analysis.

Gajski et al. [23] is an example of simulation-based performance analysis. Simulation is

used to introduce the application behavior, and the architecture details are included through

back annotation of the timing details. In Gajski et al. [23] communication is included in the

system performance only after the computation architecture has been explored and chosen. A

similar approach is adopted by Baghdadi et al. [3]. However, Lahiri et al. [36] show the pitfalls

of exploring the computation architecture without considering the communication cost.

In contrast Dey and Bommu [18] introduce a technique for estimating the communication

performance of concurrent processes during the computation architecture exploration. Com-

munication layers are defined as the relative times where the concurrent processes synchronize.

Performance estimation is done in each layer separately. Another example of communication-
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centric performance analysis is Loghi et al. [38]. Loghi et al. [38] presents a SystemC[2]

on-chip communication simulation environment for multi-processors system-on-chip (MPSoC)

architectures. Other examples of communication-centric performance analysis may be found

in Kim et al. [32] and Fummi et al. [22].

In this research, a probabilistic approach is proposed for system level performance estima-

tion. However, this research is not the first to propose such an approach. The works of Kumar

et al. [34] and Sonntag et al. [50] are two good examples of probabilistic approaches to system

level performance estimation.

Kumar et al. [34] evaluates the case where multiple application content for shared process-

ing elements, and probability is used to estimate the system delay due to the contention for

the shared computation resources. To use the probabilistic approach of [34] it is necessary to

know (1) the application execution times on the processing elements, and (2) which application

fractions content for the shared computation resources. Through the approach described in

[34] it is possible to compute better than worst case estimates in a fraction of the time required

to simulate the cycle-accurate design. The drawback is the amount of information required

for this approach, since it is necessary to know the application execution times on the shared

resources. Also, this method does not account for the communication overhead between the

processing elements, or shared communication resources.

Another common probabilistic approach to system level performance estimation is queuing

modeling, as it is done in SystemQ[50]. SystemQ is a SystemC[2] queuing-based simulation

environment. The different abstraction levels are defined through queuing theory. Different

to previous approaches SystemQ does incorporate communication effects into their design

environment.

In SystemQ, separation of concerns[54] is defined along three orthogonal axes: function,

structure, and communication. Functional refers to the algorithmic behavior, structural refers

to the computational architecture, and communication refers to the communication architec-

ture. A queuing model is built to represent the system at an abstraction level. Refinement

steps are defined to transform the queuing model by adding functional, structural, and com-



13

munication details.

A system is refined throughout four levels of abstractions, named setup 1 through 4. Each

setup adds details across one or more of the orthogonal concerns defined above.

[Setup 1] This is the highest level, most abstracted, and the entire system is modeled as

a queuing network of two queuing systems, a producer and a consumer. Average

service delays, derived from expert knowledge, are used in this model.

[Setup 2] This setup is generated through structural refinement of Setup 1. In Setup 2

each queuing system of Setup 1 is replaced by queuing network that reflects the

structural details of the implementation platform.

[Setup 3] Functional and communication refinements are applied to generate Setup 3.

The service time in this setup is determine for variable size packets, instead of

using average packet length as in Setup 2. Communication is refined to account for

mean arbitration and contention delays in the target communication architecture.

[Setup 4] This last setup is the result of further structural refinement to Setup 3. Setup

4 includes shared components between the original producer and consumer.

This chapter showed the current state of the system level design research. In particular,

it showed the trends on system level communication analysis, and the approaches for commu-

nication performance estimation. Subsequent chapters will show the details of the proposed

approach.
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CHAPTER 3. Probability as a System Metric

This research proposes the use of probability as a high level estimator for system perfor-

mance. The use of probability as a metric stems from the lack of communication details at the

higher abstraction levels. This chapter will show, in a matter of example, how the probability

metric may be used to evaluate different design alternatives at the same abstraction level.

3.1 Communication Architecture Design Alternatives

For this discussion on performance estimation it is necessary to first understand the com-

munication architecture design alternatives and their effects on the systems performance and

cost. As the system model is refined, the relations between the design alternatives, system

performance, and implementation cost become more concrete. This is intuitive, performance

estimation is more accurate at lower abstraction levels due to the introduction of implemen-

tation details. This section focus on some of the relations between a subset of communication

architecture design alternatives, whereas the next section shows why it is impossible to directly

measure the effects of these design alternatives on system performance at higher abstraction

levels.

The communication architecture design space is a three-dimensional space along the topol-

ogy, routing, and flow control axes. All of these communication architecture features has a

direct influence on the system performance. The following is a list of the design alternatives

and their broader effects on system performance and cost.

• Topology is the static arrangement of nodes and links. The topology has a direct

effect on the throughput and latency of the interconnection network. The topology cost

is reflected in the number and complexity of communication components, and in the
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density and length of the interconnections.

• Routing is a policy for selecting a communication path from those available on the

topology. While in a lesser degree than topology, routing still has a direct effect on the

interconnect throughput and latency. Routing costs are measured in the node complexity.

• Flow Control represent the policies for resource allocation. Flow control is probably the

feature that has the biggest dynamic impact on the communication performance, since

it handles contention resolution. As for routing, the cost of flow control implementation

is measured in the node complexity.

3.1.1 System Performance

System performance is affected by the throughput and latency of the interconnection net-

work. The rest of this chapter only deals with latency. Similar analysis may be done for

throughput.

They key issue in system design is the relation between the design alternatives, system

performance, and implementation cost. In the case of latency, and for the sample system of

figure 3.1, a well known relation is the zero-load latency.

Figure 3.1 3x3 Mesh Interconnection Network

Zero-load latency, T0, may be defined as [16]

T0 = H0

(

t0r +
L

BW

)

. (3.1)
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H0 is the number of nodes between source and destination, this is as much influenced by

topology as by routing. L represents the size of the packet in terms of flits. L is determined

by the flow control policy. BW is the bandwidth of the communication channels. Finally,

t0r, known as routing time, refers to the time a packet resides in an intermediate node in the

network. Routing time is a function of the topology, routing, flow control, and even traffic.

Figure 3.2 Typical Routing Flow

For the simple example of figure 3.1, let’s consider

the typical routing flow shown in figure 3.2. This routing

flow allocates resources at the flit level. For a common

implementation of the routing flow of figure 3.2 routing

time (tr) may be between 40 to 50 cycles, depending on

the number of available output channels and buffers[29].

Because the analysis so far focuses on zero-load la-

tency the effects of traffic are abstracted from the latency

computation and every component of equation (3.1) be-

comes constant. However, if we consider that in the pres-

ence of traffic the routing time may vary on each node,

the following relation is derived:

Tn =

n
∑

i=0

(

tir +
L

BW

)

(3.2)

Equation (3.2) is the total path latency for a path with H = n when the network load is

not zero. In the current example tir is the routing time on each node, and it represents the

implementation of the routing flow of figure 3.2.

From figure 3.2 it is clear how the design alternatives on topology, routing, and flow control

have a direct effect on tir. For example, topology and routing determine the amount of time a

head flit spent in the Routing process. Further, the time required for switching arbitration is

a function of flow control as well as topology, routing, and load. Finally, the time a flit waits

for buffers to become available depends on flow control and load.
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3.2 Communication Modeling at Higher Abstraction Levels

This work focuses on performance estimation at the highest levels of abstraction. These

abstractions levels are characterized by un-timed (or approximate-timed) computation, and

un-timed communication. This section presents the key issues that make communication per-

formance estimation problematic at these high abstraction levels, and how to use probability

as a metric to overcome these issues.

3.2.1 Performance Estimation for Un-timed Communication Models

As shown in section 3.1.1 the performance for the sample system of figure 3.1 is determined

by the path latency of equation (3.2). This section presents how the different components of

equation (3.2) are found in an un-timed communication model. Initially, it is necessary to

define the un-timed communication model.

As defined by [10], a model with un-timed communication is characterized by concurrently

executing processing elements and communication through abstract channels. These channels

are message passing channels, which only represent data transfer or synchronization between

processing elements. No timing information about the communication architecture is included

in either the processing elements or the channels.

Using the previous definition, equation (3.2) is evaluated for the un-timed communication

model of the sample system in figure 3.1. On each node a packet is delayed by the routing

time, tir, and the travel time, tt = L

BW
. This example focus on routing time, and it is assumed

that L and BW are known.

Routing time is determined by the implementation of the routing flow (figure 3.2) in the

routing nodes. For the case of un-timed models, only the behavior of the routing flow is

included. This means that whenever a packet arrives at a routing node the routing decision is

made instantaneous, furthermore, because a packet is never held by the routing node there is

never contention for the node resources by other packages.

From the previous analysis, it is clear that, tir = 0 for the un-timed model. Unfortunately
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this reduces path delay to

Tn =

n
∑

i=0

(

L

BW

)

= H

(

L

BW

)

which is clearly not a useful relation for accurate performance estimation. Further, the number

of nodes in the path, H, may change depending on dynamic effects due to traffic.

To proceed with the system design, it is necessary to include timing details of the routing

implementation without moving away from the un-timed communication model. The proposed

solution is to use a probabilistic timing model, or p-timed model. Contrary to an approximate-

timed model, a p-timed model does not use back annotation to include timing information.

Instead a p-timed model relies on a probabilistic description of the target implementation.

For the current example a good probabilistic description of the routing flow of figure 3.2 is

a discrete uniform distribution. Routing time may be expressed as a random variable of the

form

tr ∼ U(45, 50),

or

tr ∼ U(0, 5), (3.3)

Figure 3.3 Node P-Model
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since only the absolute difference is important1. A refined node p-model is shown in figure 3.3

on page 18. With the definition (3.3) in hand the next step is to compute the path delay of

equation (3.2).

Since L

BW
is assumed constant for the current analysis, the only part left to evaluate is

path length H. For better system performance estimation, it is necessary to account for the

dynamic behavior of H. That is, the path length is affected by the traffic and flow control

policy.

Through simulation of the un-timed communication model it is possible to determine the

zero-load paths {H0} for a given traffic. Figure 3.4 shows the simulation model. The final step

to estimate the system performance is to combine the p-timed model with the set of zero-load

paths {H0} to generate the probabilistic metric.

Figure 3.4 Random Variable Model

3.2.2 The Probabilistic Metric

Section 3.2 showed how to generate a p-model of a sample design, and how simulation may

be used to include the dynamic effects of traffic. In this section everything comes together to

generate the final performance estimate, i.e. probabilistic metric.

The first step is to partition the zero-load path set {H0} into smaller sets {h0}. Where

1Note that contention effects are included in ti.
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Figure 3.5 Paths pm and pn that share one channel.

{h0i} is a set of paths, such that:

H0 = {h01h02 . . . h0n},
n
⋂

h0i = ∅,

h0i = {p1p2 . . . pk},
k

⋂

pi 6= ∅,

Pc(pm, pn) > 0.

Each path pi is the zero-load path for a given packet, and Pc(pm, pn) is the probability that the

packet in path pm collides with the packet in path pn. Therefore, only paths carrying packets

that have a probability of collision greater than zero (Pc > 0)2 may belong to the same set

(h0i).

Given packets A and B with respective paths pm and pn, shown in figure 3.5, collision will

occur if both packets require the shared link at the same time T . Packet A utilizes the shared

link at time TA, given by

TA = t1r + t2r, (3.4)

where t1r and t2r represent the routing times for nodes 1 and 2 respectively. From the analysis

in section 3.2.1

t1r = t2r = tr ≈ U(1, 5), (3.5)

and with equations (3.4) and (3.5) it is possible to compute the probability of collision Pc(pn, pm) =

P (TA = TB) = 1/7.

2It’s important to talk about how I will ensure this constrain, since this is a big part of the research.
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The same analysis is done through the paths of {h0} to compute the probability of collision

Pc(h0). The process is then repeated for all the sets in {H0}. This produces a probability

mass function which represents the system at the current level of abstraction, a probabilistic

metric.

This section presented a sample system at the un-timed communication abstraction level,

discussed a communication architecture option for routing, and showed the limitations for

performance analysis at the current abstraction level. To overcome these limitations a proba-

bilistic approach is proposed. Lastly, a probabilistic metric is derived using the probabilistic

representation of the architecture features, and simulation to include the dynamic behavior of

traffic.

3.3 Probability Metric for System Level Design

Previous sections showed how to compute the probabilistic metric for an specific example.

This section shows how this metric may be use for system level design.

Figure 3.6 System Level Exploration

Recalling from section 3.2.2, it is possible to compute

a probabilistic metric for a set of architecture options

and a given traffic pattern. Figure 3.6 shows how differ-

ent p-models represent certain architecture details, and

a probabilistic metric is generated for the every combina-

tion of p-model and traffic. The probability metric, then,

becomes a representation of the chosen architecture fea-

tures and their interaction with the traffic pattern.

System design now continues by comparing the prob-

abilistic metrics for different model-traffic combinations,

P 1
c through PN

c , in figure 3.6. The key to this probabil-

ity driven system design is the relation between the high level probability of the model and

the low level performance of the implementation, as show in figure 3.7.

This relation between probability and performance is one of fidelity. That is, there is a
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Figure 3.7 Model to Implementation

relation for comparing P 1
c , P 2

c , and P 3
c , such that

P 1

c > P 2

c > P 3

c =⇒ Q1 > Q2 > Q3. (3.6)

The derivation of this relation is not trivial and may be dependent on the architectural features

under testing.

This chapter introduced the major limitations for performance estimation at the un-timed

communication abstraction level. A probabilistic approach to system modeling is proposed to

surmount these limitations, and through an example it was shown how the proposed approach

may be used for performance estimation by generating a probabilistic metric. Lastly, it was

shown how the probabilistic metric may be used to guide the system level design.
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CHAPTER 4. Work Plan

The previous chapter showed an example of how to compute the probabilistic metric for

an specific architecture feature, routing time. Further, chapter 3 introduced the probabilistic

timing (p-timed) model, where a random variable is used to include the routing characteristics

into an untimed communication model. Several questions remain open in regard to the p-timed

model. This chapter addresses these questions and presents a roadmap for answering them.

4.1 Research Questions

This section presents, in detail, the research questions this research answers. These ques-

tions span three major issues modeling, performance estimation, and design space exploration.

4.1.1 Probability Modeling

As shown in section 3.2.1 correct probability modeling is critical for the p-timed model.

In the sample design of chapter 3 routing time tr is modeled as a uniformly distributed dis-

crete random variable. Uniformly distributed random variables are known to be good first

approaches [13], when little is known about the system. However, it is not clear that this is

the best model for routing time.

• Which distribution best fits a certain architecture feature? To answer this

question it is necessary to evaluate different probability models for several architecture

features, and their impact on the probabilistic metric. This research will focus on routing

and flow control protocols only. I will investigate different oblivious and adaptive routing

algorithms, as well as packet and flit-based flow control protocols. To determine how to

best describe these protocols as probability mass functions.
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4.1.2 Probability Computation

Section 3.2.2 showed how to compute the probabilistic metric for a sample design. The

computation on section 3.2.2 uses simulation information, zero-load path, as well as the p-timed

model distribution. Nevertheless, the key issue in this computation is the relation between the

high level probabilistic metric and the low level performance metric.

As seen in section 3.3 the probabilistic metric is only useful if it holds the fidelity relation

of equation (3.6). Therefore to show the viability of the proposed probability approach it is

necessary to show a correlated case of the probability of collision and the low level metrics.

The following questions are inferred from this discussion.

• Which probability computation method produces the best probabilistic met-

ric? Depending on the probability functions from section 4.1.1, it is necessary to in-

vestigate different quantitative and analytical tools to compute the probabilistic metric.

Moreover, the probability computation also depends on the information available from

the system simulation, as well as observed network event.

• What information is necessary in the p-timed model for the probability com-

putation? As defined in section 3.2.1 the p-timed model uses a random variable to

include a certain architecture feature, and using simulation introduces the dynamic traf-

fic behavior. Section 4.1.1 investigates the first part of the p-timed model, the probability

modeling. However, traffic considerations are also critical for the probability computa-

tion [12, 52]. This research will investigate the effect of different traffic models (e.g.

random, transpose, etc) on the probabilistic metric.

4.1.3 Design Space Exploration

All the effort to include architecture features at higher abstraction levels is meaningless

unless it serves to make design decisions and explore the design space. The key to making

good design decisions is the fidelity. As shown in section 3.3 it is necessary to have a method

for comparing the probabilistic metrics such that equation (3.6) holds.
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• What methods are available for comparing the probabilistic metrics? Statistics

are the most common methods for comparing probabilities. Familiar statistics are the

mean and standard deviation, but the usefulness of these statistics greatly dependent on

the problem at hand. This research will investigate several statistics for comparing the

probabilistic metrics, and their fidelity relations to the low level metrics.

4.2 Work Outline

The previous section introduced the specific questions addressed by this research. This sec-

tion outlines how this research will answer the previous questions. Like the research questions,

the outline is organized along the three major issues modeling, performance estimation, and

design space exploration.

4.2.1 Probability Model

The probability models consist of a random variable characterized by a probability distribu-

tion. This research will investigate routing and switching protocols, and will determine which

random variable best models the different protocols. Specifically, this research will investigate

the following routing protocols and switching schemes.

• Routing Protocols:

1. Deterministic - XY, west first, north last, and negative

2. Random - uniformly random, and weighted random

• Switching Schemes:

1. Packet-based - store-and-forward, and cut-though

2. Flit-based - wormhole, and virtual channel

Experiment I Setup: The goal of this experiment is to find the probability distribution that

best models a given routing/switching combination. This research will investigate 6 routing

protocols and 4 switching schemes, for a total of 24 possible combinations.
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1. For a given routing/switching combination build the probability distribution from em-

pirical data, if possible. If empirical data is not available, use a uniformly distributed

distribution as an initial approximation.

2. Simulate the p-timed model to generate the zero-load path set {H0}, as in section 3.2.2.

3. Compute the probability of collision. The probability of collision (Pc) is determined

combining the probability distribution in step (1) and the path set in step (2). How Pc

is computed depends mainly on the model distribution. Depending on the distribution,

Pc could be a close form function, or it can require numerical methods.

4. Compare the probability of collision, the resulting distribution as well as the mean and

standard deviation, to the actual number of collisions from an implementation, or cycle

accurate simulator.

• A good probability model produces a probability of collision that accurately char-

acterizes the implementation’s collision behavior.

4.2.2 Probabilistic Metric

The probabilistic metric depends on the probability distribution of the models, and the

simulation traffic. This research focuses on 4 traffic mode:

• random,

• transpose (two kinds), and

• hot-spot (many-to-one).

The experiments in this section evaluate the effects of these traffics on the probabilistic metric,

and analyze probabilistic metrics for the packet dropped and packet misroute network events.

Experiment II Setup: The goal of this experiment is to evaluate the effects of the different

traffic patterns on the probability computation.
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1. Using a p-timed model from Experiment I, simulate to generate the zero-load path set

{H0} for every traffic pattern.

2. Compute the probability of collision, Pc.

3. Compare the probability of collision, the resulting distribution as well as the mean and

standard deviation, to the actual number of collisions from an implementation, or cycle

accurate simulator.

4.2.3 Design Space Exploration

The key to design space exploration is the fidelity of the performance estimates. For the

proposed p-timed model, the performance estimate is the probabilistic metric. Unlike other

traditional models, for the p-timed model the performance estimate cannot be directly com-

pared to the low level performance metrics. This research will evaluate how different statistics

may be used to relate the probabilistic metric to the low level metrics.

Experiment III Setup: The goal of experiment III is to determine the fidelity of a given set

of statistics, to guide the design space exploration.

1. Select a set of p-time models. For example:

• Model A - XY routing and wormhole switching,

• Model B - negative routing and virtual channel switching,

• Model C - weighted random routing and cut-through switching,

2. Simulate each p-timed model to generate the zero-load path set {H0}.

3. Compute the probability of collision, Pc, for each model.

4. For each model compute several statistics:

• central tendency,

• standard deviation,
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• skewness,

• variance, and

• kurtosis.

5. Analyze the relations of these statistics across the p-timed models, and compare these

relations to the implementation performance metrics. Specifically the communication

metrics of latency, and throughput, and the system costs in area, and power1.

4.3 Deliverables

Section 4.1 presents the detail questions addressed by this research, and section 4.2 outlines

the roadmap to tackle these questions. This section shows the models and tools that will result

from the completion of this proposed research.

• Probabilistic Models: in its completion this research will deliver p-timed models for

the 24 routing/switching combinations of section 4.2.1.

• Simulation Framework: this research will produce a simulation framework for the

p-timed models. This framework includes:

– SystemC node models that implement the routing and switching behaviors,

– tools for traffic patter modifications, and

– tools for path information generation and extraction.

• Probabilistic Metric: an important end product of this research is the probabilistic

metric. This research will provide the designer with the tools and methods for computing

the probabilistic metric for the routing/switching combinations of section 4.2.1. More

precisely, this research will provide rules and guidelines for computing the probabilis-

tic metric for the p-timed models and simulation paths from the previously described

framework.

1Area and power are measured for the routing and switching implementation on the routing nodes only.
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• Design Space Exploration: at the culmination of this research the designer will have

a set of statistics to guide the space exploration.

Figure 4.1 depicts a graphical representation of the relations between the work outlined

in the previous section and the deliverables presented here. The colored bars indicate which

deliverables are produced by which experiment. The gradients in the bars indicate that certain

experiments are design for a particular deliverable, but the darker area, but its results affect

other deliverables, the lighter area. The time table for this research is shown in figure 4.2 on

page 32.

Figure 4.1 Work Flow Relations

4.4 Impact of the Proposed Work

Section 4.1 introduced the specific research questions addressed in this research. Section 4.2

outlines the tasks required to answer these questions, and section 4.3 shows the tangible results

of this research. This section presents the impact this research will have in the research and

design community. This research impacts three major areas: system modeling, performance

estimation, and design space exploration.

System Modeling

• Shown in section 3.2, a p-time model is built using a random variable to represent the

communication architecture features for which very little details are available. This

research provides 24 new un-timed communication models that represent several common
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communication choices. These models give designer the needed ability to perform early

communication analysis.

• This research provides new models ready to use in system-level design, but more im-

portantly, this research presents how the probabilistic models are derived. Probability

distributions are derived from empirical data, or modeled by known density functions,

section 4.2.1. The experiment outlined in section 4.2.1 serves as a guideline for designers

to build their own p-timed models, and further improve the un-timed communication

models for better communication analysis.

Performance Estimation

• The probabilistic metric combines the proposed p-timed model with the traffic charac-

teristics to produce a communication performance estimator at higher abstraction levels,

than any previous research up to date. Using the probabilistic metric, designers can

evaluate the communication effects earlier on the design processes. As shown in section

1.1 early communication analysis is necessary for today’s embedded systems. The prob-

abilistic metric supplies the system level designer with the capacity to do this necessary

early communication analysis.

• This research provides new tools for communication performance. As shown in section

3.2.2, the probabilistic metric incorporates the traffic behavior through simulation. A

deliverable of this research is a SyestemC simulation framework. This framework inte-

grates the p-time models behavior, and produces the necessary data for the probabilistic

metric computation. With this simulation framework designers and researchers can use

the provided models for system design, or any new models they derived.

Design Space Exploration

• This research contributes with new models and performance estimation tools for system-

level design. Performance estimates give information about the current model, but to

perform design space exploration it is necessary to compare the estimates from different
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models. This research provides a set of statistics designers will use to guide the design

space exploration. Whit this statistics designers can include the communication effects

during the early architecture exploration, a major problem in today’s system-level design,

as pointed out in section 1.1

This document starts by pointing out the productivity gap of figure 1.1 in page 1. System-

level design, with its abstraction levels and refinement methodologies is the only solution

to the productivity gap. To further improve system-level design it is necessary to include

communication modeling and analysis in the higher abstraction levels, but this is difficult

due to the lack of communication details at these higher levels. This research addresses this

challenge and proposes a random variable based model to overcome this lack of details.

The proposed random variable based model, and resulting modeling methods and perfor-

mance analysis tools, form a new system-level simulation environment through which commu-

nication analysis is moved to the higher abstraction levels. This new un-timed communication

analysis enables system designer to manage higher complexity, directly resulting in a reduction

of the productivity gap.
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Figure 4.2 Research Time Table

Research Tasks Task Timeline

1 2 3 4 5 6

Mo Mo Mo Mo Mo Mo

Deliverables

Probabilistic Models • •

SystemC simulation environment • • •

Probabilistic Metric • • • •

Design Space Exploration • • •

SystemC Simulation Environment

Build SystemC models for behavioral simulation • •

Extend simulation environment to include all 4 traffic

patterns

• • •

Experiment I: Probability Model

Gather probability distributions for all rout-

ing/switching combinations

• •

Run behavioral simulations and gather path informa-

tion

• •

Compute probabilities • •

Validate probability figures • • •

Experiment II: Probabilistic Metric

Run behavioral simulations and gather path informa-

tion for new traffic patters

•

Compute probabilities • •

Compute based statistics and validate probability fig-

ures

• • •

Experiment III: Design Space Exploration

Run behavioral simulations and compute probability

figures for selected models

•

Compute the second level statistics • •

Evaluate the statistics relations • • •

Validate the statistics fidelity • •
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