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Abstract

Designers constantly strive to improve Field-ProgrammablGate Array (FPGA) per-
formance through innovative architecture design. To evalie performance, an un-
derstanding of the e ects of modifying logic blocks structtes and routing fabrics on
performance is needed. Current architectures are evaludteia computer-aided design
(CAD) simulations that are labourious and computationallyexpensive experiments
to perform. A more scienti c method, based on understandinghe relationships be-
tween architectural parameters and performance will enablthe rapid evaluation of
new architectures, even before the development of a CAD tool

This thesis presents an analytical model that describes sucelationships and is
based principally on Rent's Rule. Speci cally, it relatesdgic architectural parameters
to the area e ciency of an FPGA. Comparison to experimental esults show that our
model is accurate. This accuracy combined with the simple o of the model's
equations make it a powerful tool for FPGA architects to betr understand and

guide the development of future FPGA architectures.
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Chapter 1

Introduction

1.1 Motivation

A eld-programmable gate array (FPGA) is an integrated cirait (IC) containing a
reprogrammable logic array and an interconnecting routinfabric that can implement
virtually any digital logic application. The ability to pro gram, erase, and reprogram
the recon gurable logic and exible routing fabric make FPGAs suitable for rapid
testing and prototyping of digital logic designs. Unlike aplication speci c integrated
circuits (ASICs), FPGAs do not require the time and cost intesive process of custom
designing and manufacturing of masks. Therefore, the utitation of FPGAs leads to
a reduction in the design cycle time and upfront costs compead to ASICs.

However, the conveniences of pre-manufactured silicon cerat a price. FPGAs
have lower performance than ASICs that are custom designetitae transistor level
and optimized for clock speed, logic density, and power camsption. The exact
performance gap between the two technologies is applicatispeci ¢, but on average
FPGAs are more than 40 times larger, 3.2 times slower, and 1Bnes more power
(dynamic) hungry than ASICs [26]. That said, many digital Iagic designs do not
demand high-end performance. In these cases, FPGAs are at-@sient choice for
many low to medium volume products that require quick desigturn-around times
and time-to-market.

Since their introduction, FPGAs have evolved considerablin an attempt to re-
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duce the performance gap and capture more of the higher-en@ market. These
advancements can be categorized and attributed to the dewpiment in three elds

or research: transistor technology, FPGA computer-aidedesign (CAD) tools, and

FPGA architectures. First, advancements in transistor telsnology have led to a dra-
matic increase in the number of available transistors and aadical change in the
functionality of FPGAs. At their inception, FPGAs could implement just over 1000
gates [25]. Today's FPGAs can implement over a million gatg$2, 24], large enough
to implement complete digital system designs.

With the size of present day FPGASs, it's unrealistic for the ger to manually
program each individual programming bit. Instead, a digithlogic circuit is typically
described at a high-level of abstraction, usually in the fon of a hardware-description
language (HDL), that is then compiled using a CAD tool. The CA tool inter-
prets the HDL and determines a mapping of the appropriate vaés for the FPGA's
programming bits to implement the described digital circui Typically multiple map-
pings exist for the same circuit, some yielding higher perfmance than others. Much
research has gone into incorporating models for metrics suas area, delay, and power
into the CAD algorithms [3, 6, 9, 10, 29, 38, 40, 44]. These meld provide the algo-
rithm estimated metric values and enables the CAD tool to makinformed decisions
when generating mappings. This allows the CAD tool to creat&n optimized mapping
based on one or a combination of the metrics listed.

Much of the improvement in FPGA technology is a result of devepments in the
eld of FPGA architecture. The architecture of an FPGA refers to the structure
and interconnections of the con gurable elements inside ¢hdevice. In early FPGAS,
for example, logic was implemented using 4-input lookup téds (LUTSs) [5], while
in modern FPGAs, more complex fracturable LUTs which can besed in many

di erent modes are employed [12, 24]. The new architecturese designed to provide

2
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higher density, lower power, and/or faster circuit implemetations. FPGA companies
expend tremendous e ort and money evaluating architectutaenhancements for every
generation of their devices.

During the design of a new FPGA, each architectural enhancemt has to be
evaluated, to determine whether it should be incorporatechithe new device. This
evaluation is typically done using an experimental appro&c The new architecture is
modeled and experimental CAD tools are used to map a set of lmhmarks to the new
architecture. Detailed area, delay, and power models aredgh used to evaluate the
resulting implementation of each benchmark on the new ardbicture. Based on the
results, the architectural enhancements may be deemed wanthile, in which case it
may be incorporated into the device. Often, the results suggt modi cations to the
enhancement, and these modi cations are then evaluated ngithe same experimental
techniques. This is often repeated numerous times until a isable architecture is
found. This process occurs both within FPGA companies and iacademia.

The above experimental process can be slow. To properly esise an architecture,
many benchmark circuits are required. If not enough benchmies are used, it is
possible to create an architecture tuned for speci c circts rather than a architecture
that is suitable for a wide range of customers. In academiaggearchers typically use
roughly 20 benchmark circuits [5], but in industry, many moe benchmark circuits are
employed. In the experimental approach, each of these ciftsumust be mapped to
all potential variants of the architecture under investigion. Modern CAD tools can
take several hours to compile as its algorithm searches fdvetoptimum mapping. This
slow process limits the number of alternative architectusethat can be considered,
and thus limits the abilities of FPGA companies to explore ng structures that may
lead to more e cient FPGAs.

Architectural investigation can be accelerated using angical models that de-

3



Chapter 1. Introduction

scribe some aspect of an architecture. Analytical modelslate parameters describing
an FPGA architecture to area, delay, or power e ciency of an PGA. Such analytical
models usually take the form of simple expressions, and thgearching for e cient
architectures can be fast and does not require time-consurgi experiments. The
development of such models is an emerging area of FPGA reskafl3, 21, 28, 45].
These models can be used to accelerate the architectural estigation process
in two ways. First, understanding the relationships betwea® architectural parame-
ters enablesearly-stage architecture developmeni8] in which the design space can
be searched quickly using analytical models. Once a promigi region of the ar-
chitecture space has been identi ed, traditional experinrgal methods can be used
to choose precise architectural parameters. This would sigcantly accelerate the
FPGA architecture design process. It may also allow the stydof a wider variety of
\interesting" architectures since experimental CAD toolsneed not be developed for
each architecture under consideration. Second, the devetoent of such theory will
encourage researchers to understand why certain architeots work well, and may

eventually provide bounds on the capabilities and e cien@s of programmable logic.

1.2 Research Goals and Contributions

The primary goal of this thesis is to develop and evaluate amalytical model that
describes the relationship between the logic block architieire and the area-e ciency
of the resulting FPGA. This model must balance complexity ath accuracy. In gen-
eral, simple equations provide signi cantly more insightnto architectural tradeo s
than expressions which are unnecessarily complex. On thehet hand, the model
must be accurate enough that it leads to useful conclusionshen investigating new

architectures.
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An important aspect of our model is that we wish to derive relgons between
architectural parameters that are independent of the cirdto implement on the
FPGA. For example, we would prefer a relation between logiddxk size and number
of inputs that is independent of the circuit to be implementd. This is di erent from
much prior estimation work, in which the goal is to predict tre area, speed, or power
for a given circuit [4]. That being said, it is impossible to eampletely ignore the
impact of the circuit; we used the Rent Parameter [30] and ®zof the circuit prior to
technology mapping as parameters for our model.

The secondary goal of this thesis is to show an application thfe model and how
it can be used to accelerate FPGA design. Through two exampglewe show that the

model is indeed useful in FPGA architecture evaluation.

1.3 Approach

In order to make the task tractable, we divide the model into liree sections. As
shown in Figure 1.1, each section re ects one step of the CADow typically used
to map circuits to an FPGA. For each section, we estimate theofic resource usage,
speci cally the number of logic blocks needed and the numberf logic block inputs
used to implement a circuit as a function of the architecturdaparameters. The three

sections are:

1. Technology Mapping - Our model outputs the estimate for th logic block us-
age of K-input look-up tables given key circuit parametershiat can be easily

computed from a netlist of simple two-input gates.

2. First-level clustering - From the output of our model's tehnology mapping

level, our model estimates the resource usage of rst-levdlusters packed with
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K-LUTs.

3. Multi-level clustering - From the output of the rst-level clustering level, our

model estimates the resource usage of clusters at all otheedarchical levels.

Throughout, we strived to develop the model by deriving relions analytically,
without relying on curve- tting or experimental techniques. This ensures that we
captured the \essence" of programmable logic, and didn't eate a model that is
limited to a particular CAD ow or tool suite. As will be discussed in Chapter 3, all
aspects of our model were derived analytically.

To evaluate the model, we employ an experimental approach. 8 ¢ompare predic-
tions from the model to results obtained from a commonly useexperimental CAD
ow. Doing this comparison required the development of a datled area model. The

details of the comparison and this area model is also des@tbin this thesis.

1.4 Organization

This thesis is organized as follows. Sections 2 reviews thB@A architectures and
CAD tools targeted by this work, and briey describes relatd analytical models.
Section 3 details the derivation of the proposed model, andhé model is validated
against experimental results in Section 4. Section 5 gives &ample of how the
model can be applied to FPGA architectural investigations.Section 6 summarizes
this thesis, draws conclusions and suggests future work.

The material in Sections 3, 4, and 5, have been published ir8]2
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Chapter 2

Background

This chapter begins by reviewing FPGA architectures, inclding the logic block and
routing architecture assumed by our model. This is followelly a summary of the
CAD algorithms used in our model's veri cation. The nal sedion gives an overview
of general ASIC and FPGA-speci c models that provide insighinto our model's

derivation.

2.1 FPGA Architecture

Many classes of FPGA architecture have been proposed in fig¢ure including island-
style, row-based, and hierarchical [7]. This work targetshe widely-used island style
architecture due to its relevance in the FPGA industry and it wide-spread use in
academia. Commercially, island-style architectures arenplemented on the leading
edge FPGAs o ered by the two largest FPGA companies, Alteralp] and Xilinx [24].
The remainder of this section exclusively focuses on thisykt of FPGA architecture.
From a high level view, as seen in Figure 2.1, a simple FPGA «sts of three
major reprogrammable resources: logic blocks, I/O blockand programmable rout-
ing. Arranged in an array, each logic block implements a sniglortion of a circuit's
logic. The reprogrammable interconnect surrounding the ester blocks provide com-
munication and allows an FPGA to implement any digital logiccircuit. 1/0 blocks

at the periphery of the FPGA also connect to the cluster blockvia interconnect.
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Figure 2.1: Example of an island-style FPGA architecture

The remainder of this section provides an in-depth descrijgin of the logic block

and reprogrammable interconnect.

2.1.1 Logic Block and Cluster Architecture

This subsection is a bottom-up description of the typical Wrarchical structure of
FPGA logic cluster blocks.

The basic unit of FPGA logic is the lookup-table (LUT). A K-LUT can implement
any K-input logic function by programming the appropriate ruth table in the 2
Static Random Access Memory (SRAM) cell array [7]. Using a nitiplexer, as shown
in Figure 2.2(a) for a 2-LUT, the inputs of the K-LUT select the appropriate SRAM
cell to be connected to the output.

A basic logic element (BLE) contains a LUT and data ip- op (DFF) as shown

in Figure 2.2(b). The output of each LUT is connects to a DFF, ad a multiplexer
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Figure 2.2: Example a) two input look-up table (2-LUT) and b)basic logic block

selects either the LUT or DFF output as the output of the BLE. This allows both
combinational and sequential logic to be implemented.

In a typical circuit, BLEs will have input signals in common die to multi-fanout
nets. Rather than individually connecting BLES to the progammable routing fabric,
the BLEs are usually grouped together into cluster logic btks (CLBs). Absorbing
connections completely within CLBs localizes shared corst®mns and reduces the
number of wires and switches. This results in an overall impvement in area and

delay e ciency [5]. A similar argument can be made for recursely grouping CLBs

10
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into increasingly large mega CLBs [1]. In this case, compéetclusters are made
of recursively grouped logic blocks. For example, the Lthvel logic block (L-LB)
contains N, number of L 1)-LE and I number of inputs, and the smallest logic

block, O-LE is simply a BLE.
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Figure 2.3: Nth level cluster

In this work, clusters are fully connected internally at alllevels, meaning each (L-
1)-LB input can access any of theé cluster inputs or N_. BLE outputs. This is the
common design for single-level logic block& (= 1) used in academia [5]. However,
research has shown multi-level clusterd (> 1) benet from a depopulated internal
logic block routing scheme [39]. We assume a fully connectecheme in this work to
simplify the custom CAD tools needed for veri cation. The rsulting logic block is
as shown in Figure 2.3.

The sizing of the cluster block parameter&, |1, and N_ in uence both the area
and speed e ciency of an FPGA. Previous research has shownahfor single-level
logic blocksK =4, N; =[8 20], andl; = K=2 (N;+ 1) are good architectural

choices [2]. Exact optimal sizing parameters for mutli-l&l logic blocks is dependent

11
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on the choice of switch depopulation schemes, physical lagpand CAD tools, all of

which are not standardized in academia.

2.1.2 Routing Architecture

As brie y mentioned in the previous section, cluster blocksre interconnected using
programmable routing. Although this work concentrates onlaster block utilization,
the choice of routing architecture directly a ects FPGA ar@, a metric estimated in
the application in Chapter 5.

Conceptually, the interconnect is composed of three compemts: routing chan-
nels, switch blocks, and connection blocks, as shown in Figu2.4. Routing channels
lay horizontally and vertically between the rows and colums of cluster blocks. Each
channel contains W parallel routing tracks. Each track comses wire segments that
span L number of cluster blocks. In FPGA literature, the parenetersW and L are
often referred to as channel width and wire segment lengti#B

The inputs and outputs of cluster block, known as pins, conge to adjacent
channels via connection blocks. Each pin is connected to aogrammable switch,
that subsequently connects to Fc number of independent cha@l wires. Switches
can be con gured to allow connections from each pin to some all of the connected
channel wires, as needed by a circuit implementation.

Switch blocks are located at the intersection of horizontadnd vertical channels;
a switch block enables wires to stitch and turn onto other wes. Programmable
switches connect each wire that enters a switch block to a @itof Fs number of wires
in the other three directions. In the above description, sweh and connection blocks
are described as independent sets of programmable switchddowever in modern

FPGA layouts these switch sets are integrated together [31]

12



Chapter 2. Background

"+7,2:4*12;"<=>

'345!62#0+!8

Yo+ ¥, 21012
34516

"#272"+,412#0+18
(2?22(+771154+72#0+!8
'2?72'345!62#0+!8

(+771154+72#0+!8

Figure 2.4: Routing architecture

L =

i)
IR R
0

2'4312%88/( ) 2'#$%&&!(JH3/+ (1-+./01 I"HSY&E ()H$*+,*(1-+./01
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The programmable switches in the connection and switch blke consists of mul-
tiplexers controlled by con guration memory bits. Switche are either bu ered or un-
bu ered, and bu ered switches are either uni-directional o bi-directional, as shown
in Figure 2.5. Bu ered switches require more area compared aan unbu ered design,
but reduces signal propagation delay[32]. Modern commeatiFPGAs use unidirec-
tional switches, where each routing wire drives a single bar and a multiplexer that

aggregates connection box and switch box inputs, as shown kigure 2.6. Unidi-

13
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rectional switches o er better delay optimization and a degser layout compared to

bidirectional switches[31].

~ 1(&-67%,26819":
~

+,(-,/1.012 P
#3%+45 ~ -

Figure 2.6: Unidirectional - single-driven routing archiécture

2.2 FPGA CAD Tools

The FPGA CAD tools industry is driven by the continuous evoltion of semiconductor
technology leading to the reduction in transistor size andncrease in FPGA logic

density. Modern FPGAs contain close to a million LUTs [12] adh it is infeasible for

14
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a designer to program each LUT individually. Instead, desigers create digital logic
circuits at a higher level of abstraction, commonly a hardwa description language,
that is then compiled using FPGA CAD tools.

There are ve steps in the CAD ow, as shown in Figure 2.7, thaultimately yield
a programming bit stream that sets the FPGA routing control ad LUT SRAMS to
implement the circuit design. The rst step is called high#vel synthesis, which
takes a set of design les as input, interprets them, and outgs an equivalent circuit
netlist comprising simple 2-input logic gates and ip ops. This step is technology
independent for pure logic; the results are targeted for &ier ASICs and FPGAs. The
remaining four steps are FPGA specic, and will be describeth the remainder of

this section.

2.2.1 Technology Mapping

A technology mapper converts a synthesized two-input gateetlist into a circuit of

FPGA K-LUTs and D ip- ops. The technology mapper can optimize the resulting
circuit for one or a combination of metrics, such as area, @l and power. For
example, the two technology mapping algorithms used in thiwork, Flowmap[9] and
Emap[29] optimize for a combination of area, delay, and powe Both algorithms

generate a directed acyclic graph (DAG) representation ohe original netlist, where
the DAG's nodes represent gates and edges represent nets. eTadgorithms then
create K-LUT assignments, by grouping nodes to have at most-Kput and one
output. Minimizing the depth of a circuit ensures minimum déay and is accomplished
by reducing the number of continuous K-LUT groups between pnary inputs, ip

ops, and outputs. Flowmap further reduces delay by duplicéng nodes providing

the technology mapper more exibility in node grouping. Ema reduces power by

15



Chapter 2. Background

-

I"H$%& (")
4 G

10$,1) 14+
2344" #

( @"-%*-7'39 )

Figure 2.7: FPGA CAD ow

grouping sets of nodes that share nets that are expected toveaa high switching

activity.

2.2.2 Clustering

The clustering step involves taking a technology mapped rlet, creating BLES, and

then packing these BLEs into clusters. In doing so, it must dtkre to the pin and logic
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size constraints of the cluster architecture. The key goaf alustering is to optimize

the utilization of a cluster's internal routing that contain shorter and less capacitive
wires compared to external wires. This leads to less delay daa reduction in the

amount of programmable routing needed to route a circuit.

The Vpack [38] algorithm is a clustering algorithm optimizd for logic resource
and routing wire utilization, and is the predecessor of theato algorithms used in this
work. In this tool clusters are built one at a time. The processtarts by selecting one
BLE that acts as a seed for the cluster. Subsequent BLEs areeth greedily added
to the cluster based on the number of shared nets between catate BLE and the
BLEs grouped in the cluster already, until the cluster is fulor no more BLEs can be
added. T-VPack [38], a timing-driven variant of Vpack, addsa critical path term to
the cost function grouping BLEs on the critical path. iIRAC [4], another bottom-
up algorithm, attempts to improve circuit routability by ad ding a cost function that
encourages the encapsulation of nets within a cluster. Thieduces the number of

total external nets in the circuit, making it easier to route

2.2.3 Placement

The placement tool assigns each cluster to a physical positiin the FPGA. The nal

goal of placement and subsequent routing phase is to legalyplement the circuit and
meet timing. In order to do so, the router must be able to nd a slution to connect
the logic clusters through the programmable routing. To falitate this, the placer
attempts to minimize the routing wirelength between clustes and external 1/0 pins.
The place implements a bounding box approximation since gderming full routing to

evaluate possible placements is computationally prohilwe. The current two popular

classes of placement algorithms are simulated annealing ghd analytical methods
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[22, 46].

Simulated annealing begins with an initial (often random)egal cluster placement.
Then random swaps (or \moves") are made and evaluated usingcast function that
factors in bounding-box wirelength, delay, and other quailr metrics. Bene cial moves
that reduce the cost are always taken. Bad moves are sometgntaken to avoid
settling in a local minimum. The chance of accepting such a m® is an exponential
function of how bad the move is. The temperature is a parametéhat decreases
over time so that fewer bad moves are accepted as the placemseitles into a nal
solution. When moves no longer yield bene cial returns, th@lacement is complete
and the algorithm terminates.

Analytical approaches attempt to formulate the placement pblem as a mathe-
matical or physical system and then nd the optimal solutionto that system. For
example, an analytical approach can use the bounding box tésnction to produce a
set of simultaneous equations for the position of each clest Solving these equations
produces an optimal but illegal placement of clusters withoating-point coordinates.
A legalizing algorithm re nes the analytical result, leadng to a placement on an inte-
ger grid where no two clusters overlap. Many analytic solvemuse iterative re nement
techniques, such as a low-temperature simulated annealif@n anneal that accepts a

much smaller percentage of bad swaps to reduce runtime) topnove the nal results.

2.2.4 Routing

Routing is the nal step of the CAD ow. A routing algorithm as signs the appropriate
switches and wires in the routing fabric. Typical ASIC routes perform routing in
two steps: 1) a global routing step assigns nets to channeB) a detailed routing

step speci es the exact wire within the assigned channel thavill implement a net.
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Two-step FPGA routers also exist [33], however, unlike ASK; FPGAs contain xed
routing resources that imposes additional constraints, nking the detailed routing
step di cult.

Instead, many modern FPGA routers perform the global and datled routing
steps concurrently. For example, VPR is a single-step routghat implements a
modi ed version of the iterative Path nder algorithm [40]. The algorithm initially
routes nets independently, which results in multiple nets gssibly sharing a single
wire. A cost-function calculation is made for each wire thats proportional to the
number of nets assigned to that wire. All nets are ripped up @hrerouted, with
the cost functions penalizing and discouraging the use ofghily utilized wires. The
algorithm repeats until a legal routing solution is found.

After routing, the memory states of the logic blocks and roumg resources needed
to implement a circuit are determined. This information is $ed to create a circuit's
bit stream that is then loaded on FPGA to physically set the apropriate values in the
SRAMSs. Also, at this stage, the exact FPGA routing resourceare known and can
be used to accurately estimate performance results that aessential to architectural
evaluation. In this work these estimations are used to valate the accuracy of our

model's equations.

2.3 Previous Research on Analytical Models

This section begins by reviewing a series of analytically deed ASIC models that
compute the expected wirelength distribution, routing derand, and average fanout.
While these models are not directly applicable to FPGAs, theform the basis for

many of the FPGA speci ¢ models covered in the next section.
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2.3.1 Rent's Rule

Rent's rule is the power law relationship between the numbeof external inputs
and outputs, T, and number of basic logic blocksC, for a partition of a circuit
design. E. F. Rent at IBM in 1960 was the rst to be credited wih the discovery of
the relationship. To investigate the hierarchical structue of circuits, the data from
partitions of portions of the IBM series 1400 computers werased in a plot of T
versusC on a log - log plot. The result was a straight line implying a pwer law
relationship.

Landman was the rst to formalize the relationship into equ&éions [30]. In his
work, Landman performed a series of controlled experiments a set of partitioned
circuits with varying size and complexity. In the experimets the maximum number
of partition inputs and outputs, t, was swept whileT and C in the circuit were

measured. Generalizing the results led to Equation 2.1,

T=t CP (2.1)

where t, also known as Rent's constant, is the average numbef used connections
on a logic block, and p is Rent's parameter that typically rages from [0,1]. Rent's
parameter is dependent on the partitioning algorithm choseand the circuit's struc-

ture. Circuits with highly serialized and parallelized stuctures typically have values

of p around 0.5 and 0.75 respectively.

2.3.2 Wirelength Models

Wirelength estimates provide insight into the overall areadelay, and power used to

implement a circuit. Donath [17] developed the rst wirelegth model for realistic
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circuits. In this work an average wirelength upper boundr, was derived based on
two assumptions, 1) logic is placed on a two-dimensional hé&chical square array
where each higher level element consists of 4 lower leveh@tats, seen in Figure 2.8,

and 2) Rent's parameter is constant throughout all levelsr is given by

Figure 2.8: Placement hierarchy [17]

NI

r (2.2)

logC if p=

NI

8
%cp% if p>
E

“F(p) ifp<;
where C is circuit size andp is the Rent parameter. In a majority of cases, when
compared against experimental results, the actual interooect wirelength was found
to be about half of the estimated upper bound.

In [16] Donath extended his work to model wirelength distribtion. Donath's
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wirelength distribution function, r, is inversely related to wirelength, as seen here

r(k)=g=kK ® for1 k L (2.3)

r(k)=0 for k> L (2.4)

wherer (k) is the fraction of wires with length k, g is a normalization constant, and
L is a constant that is proportional to W=2 for an array sizeW xW .

In [19] Feuer extended Donath's work by deriving wirelengthdistribution and
average wirelength models fonon-uniform circuit partitions. Feuer states that for
good placements, Rent's rule holds on average for any circpartition. Furthermore,

the wirelength distribution of a circuit is

f(r)y/ r?® 4 (2.5)

and the average wirelength of a partition is

1

T/ CP: (2.6)

%. Though derived using two distinct methods, the

both for Rent exponentp >
agreement between Donath's and Feuer's wirelength reintm the validity of each

other and the underlying Rent's model that they are derivedrbm.

2.3.3 Stochastic Fanout Model

To develop a full interconnect model, fanout must be consided. One model that
does this is Zarkesh-Ha's stochastic fanout model for ciritst

In [50], Zarkesh-Ha developed a stochastic model predigjifanout distribution
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in circuits. Based on Rent's rule and the assumption that itgelationship holds
throughout an entire system, Zarkesh-Ha predicted a cirdis fanout distribution as
a function of the number of used logic block inputst, and Rent's parameter,p, as

seen in Equation 2.7,

t Ng(f * (fo+1)P 1)
fotl

Net(fo) = 2.7)

where Net(f,) is the number of nets with a fanout off, and N is the number of
gates in the circuit.

The rst order Taylor expansion of Equation 2.7 was taken andhe maximum
fanout, fouax >> 1 was assumed. This produced an equation for maximum fanout

as shown in Equation 2.8.
fomax = (t Ng(1 ) (2.8)

Equation 2.7 was summed from 1 td,vax tO give the total number of nets in the

circuit as seen in the series expansion version of equation:

[ SR

n2(n +1) Netro =t Ng[l (foMax +1)p 2 ( P;foMax)] (29)

( P;fomax) =
n=1

This led to the average wirelength of a circuit that is simply

et Net(f o)

foAvg - ) NetTot (2.10)
fo=1
which can be expanded and simpli ed to
1 (foMax + 1)p !
f = 1 2.11
MO T (Fomme 1P 2 ( Pifowms) (1)
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In Chapter 3 we make use of Zarkesh-Ha's average fanout eqoatto formulate

a logic block utilization model for FPGAs.

2.4 FPGA-Speci c Analytical Models

The previous section reviewed both classic and contempoyaapplications of Rent's
rule to develop models to estimate ASIC routing. This sectio focuses on FPGA

speci ¢ models.

2.4.1 Relating Circuit Rent Parameter to FPGA

Architecture

Using empirical results from a Cyclone FPGA architecture [ll], Pistorius [42] per-
formed a set of four experiments pertaining to Rent's rule: )1contrasting various
new and old techniques for calculating Rent's parameter, gor placed circuits; 2)
exploring the correlation between the Rent parameter andrciuit type; 3) comparing
Rent parameters for purely-timing and congestion-based gdement algorithms; and
4) observing the temporal behavior of the Rent parameter inraulated annealing and
the relationship between cost function and wirelength.

Inspired by Feuer theory, Pistorius developed a novel and m® natural method
of choosing sample regions to measure Rent's parameter thatnimize sample size
and position bias compared to the traditional recursive paitioning technique [19].
Comparing block sample position and size distributions othe new techniques, the
least biased method de ned a sample region as all blocks wiitha radius R of chosen
random grid point, (x,y). This method led to Rent parametersbetween 0.5 and

0.65 for the large experimental benchmarks used. In genethese values are larger
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compared to the Rent parameter calculated using regions lekson the PART recursive
partition algorithm [47, 49]. The PART based regions led to mare accurate wirelength
predictions when a modied version of Feuer's model [19] issed with the Rent
exponent measured with both region de ning methods.

Pistorius showed there is little correlation between Rent grameter and circuit
functionality or parallelism in contrast to previous beliés [30]. The Rent parameters
of categorized benchmark circuits were compared and showationgst the measured
control logic, digital signal processing (DSP), image pressing, and networking cir-
cuits, the average Rent parameter was between 0.58 and 0.6Chis result was ex-
plained by the fact that designs of this size are composed ofialler functional blocks
of various types, and any trends that exist are averaged ovérne entire system-level
design.

Finally, the previous works showed that there exists a str@nlinear relationship
between wirelength and Rent parameter. Measurements weraken during a sim-
ulated annealing placement and showed both wirelength andvé Rent parameter
decreased over time. This rearmed the belief Rent parametecan be viewed as a

metric of quality placement and can be used to evaluate algtrms [8, 48].

2.4.2 Minimum Needed Channel Width

Fang [18] developed an empirical model which estimates thember of tracks per
channel required to implement a circuit, often referred to®routing demand omwgeq,
for island style FPGAs. As with this work's model, the analyical w,eeq model facil-
itates early-stage estimation of essential FPGA resource$he inputs to this model
were the estimated wirelengthr, estimated logic block input usage i, switch block

exibility Fs, and connection block exibility parameters Fcin and Fcout. The model
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was developed in stages, beginning with a routing demand iesate for a fully exible
routing architecture consisting of a crossbar in the switcAnd connection blocks and
wires of length one. An FPGA architecture analogous to El Gaal's ASIC master
slice interconnect model [20] was assumed. Fang names thish#tecture's routing

demandwgps min and estimates it as:

T
Wayg = ?Wabs_min = PWayg (2.12)

where the empirically measured p is the peak factor, that sles W,,4, El Gamal's
average channel width estimate, to the maximum used channeidth. From experi-
mental data, r = 4:43 andp = 1:4 were estimated as constants, and led to accurate
Wapsmin  Fesults for a wide range of cluster sizes,.

In each subsequent part of the derivation, key parameters veeadded describing
the routing architecture's exibility. Fang's model built on the equation forwaps min
incorporating terms for switch block, connection block, ah wirelength. The nal
FPGA routing demand model was summarized as:

1 Wapsmi Wabs_mi
Whneed = Wapsmin + —( an_;nln X T:Z_mln )
in

L 1 1
( ) a1+ _
Fc,"

in

(Wabs_min) out 4
F Cout 4

)

where Fs, Fc,, and Fc,,; are the switch and connection block exibility, L is wire
segment length, is the estimated number of used inputs, and =3, ;, =0:5, and
out = 2:5 are empirically measured values. The equation was curvetted and the

relationship = 0:88N + 3:2 was derived.
In Section 5, Fang's model in conjunction with this work's mdel are applied in an

area estimation, demonstrating the potential of early-stge architecture evaluation of

26



Chapter 2. Background

nascent designs without the need to rst create architectw speci ¢ CAD tools.

2.4.3 FPGA Area Model

In [21], Gao derived an area model based on the geometric sttwre of an island-style
FPGAs. Gao assumed the FPGA can be divided intblk tiles. Each tile was made
of a logic block and the routing resources to its right and bédm sides as shown in
Figure 2.9. The tile's logic blocks consisted of a BLE made afK-input LUT and a
ip- op.

o

<&
<

o M resoed
] e
.

Figure 2.9: Example of a tile from [21]

The area model derivation begun by nding the area of a singléle. The area
of a tile was calculated as the sum of the logic block and rouatj resource areas, as

shown in Equations 2.13 to 2.15

a =as X+ar (2.13)
aR = ag Wz +2 p@ pa Wy (2.14)
Arow = (P35 we + Pa)? N (2.15)

wherea, is the logic area,ag is the routing area,ag is the area of one programming
bit, ar is the area of other xed logic (internal routing resources rad DFF), wy is

the require channel width, andNg is the number of used logic blocks. The channel

27



Chapter 2. Background

width, wyx can be computed from El Gamal's channel width model and an FP&

wirelength model from [35] as shown here,

1 p

i (N7 ] (2.16)

The number of logic blocks required to implement a circuitN , is derived from
Rent rule[30]. Gao assumed, for a K-input LUT, the average mober of used pins is

K inputs plus one output leading to a ratio betweerN, and Nx as shown here

N K+1 .
T G (2.17)
where the rent exponent is assumed to be p=0.75.

Similar to Gao's model, our work relates logic-block and aaeutilization to FPGA
architectural parameters. Our model improves upon this wérby incorporating clus-

tered architectures and using cluster architectural paragters in our equations.

2.5 Summary

In this chapter, we described the architecture of an FPGA angresented de nitions
of architectural parameters used to described the FPGA. Wdso presented previous
wirelength and FPGA-speci ¢ models. In subsequent chaptey we use these de -
nitions and models to derive an analytical model that relate logic parameters to
the area-e cency of an FPGA. Since this work's publication n [28] it has been im-
plemented in several other publications. Smith et al. incporates our model with
Feuer's [19] and Davis's [14, 15] wirelength models to estie post-placement wire-
length for homo- and hetero-geneous FPGAs [45]. Das et al dips our model to

relate logic architecture of cluster-based FPGAs to its exgeted speed [13].
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Model Derivation

This chapter describes the mathematical derivation of our odel that estimates the
resource utilization of logic blocks at the various di erehhierarchical levels within an
FPGA. Our model is divided into three stages: Technology Mapng, Single/First-

Level Clustering, and Multi-Level Clustering, as descrite in Section 1.2. At each
level we derive an estimate for the logic block resource usagpeci cally the number
of logic blocks and the number of logic block inputs used in ea circuit implemen-
tation. The following sections describe each stage and theriation of the model's

equations.

3.1 Technology Mapping

The rst stage of the FPGA CAD ow and our model is technology mapping, where
simple 2-input gates are mapped into K-LUTs. In this sectionve seek to derive an
equation to estimate the two major logic block resources ahis stage, the number of
LUTSs, ng, and the number of LUT inputs, ik utilized in implementing a circuit. Our
model's three inputs areK , LUT size; ng, the number of simple 2-input gates in the
circuit; and p, Rent's parameter. The remainder of this section presents hysical

description behind the derivation fornx and i .
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3.1.1 Number of K-LUTs to Implement a Circuit

Consider a pre-techmapped circuit consisting afs simple two-input LUTs. During
technology mapping, theseng gates will be mapped into a smaller number of LUTSs,
which we will denoteny. In this section, we seek a closed form expression fu.
Consider a portion of the pre-techmapped circuit, Figure 3(a), consisting ofx
two-input gates (1< x  ng). Let y denote the number of signals that connect across
the boundary of this region. Since each gate has three pinsw{t inputs and one

output), we can use Rent's Rule to write:
y = 3xP (3.1)

where p is the Rent parameter of the circuit. Now suppose this sameg®n, Figure
3.1(b), is mapped toz K-LUTs using a technology mapping algorithm. The number
of signals that connect across the boundary of this region sill y. The number of
pins used in eackK -LUT is 1 + ik ; the rst term corresponds to the output andiy
is the expected number of used inputs. In the next section weade , the estimated

number of unused K-LUT inputs, which leads tax = K . We can then write
y=(K+1 )z° (3.2)

Sincey is the same in Equations 3.1 and 3.2, we can eliminayeto get

r
y4 3
; = ° 7}( 1 . (33)

Intuitively, this ratio is a measure of how much logic can begrcked into each lookup-

table.

30



Chapter 3. Model Derivation

Finally, using Equation 3.3, we can write:

M=Ne® — (3.4)

(a) Netlist of 2-input gates (b) Possible technology mapping covering for
3-LUTs

Figure 3.1: Example modeled circuit

3.1.2 Average Number of Used Inputs for a K-LUT

Of the K inputs of a lookup table, not all of them are always uskin a K-LUT. Figure

3.2 illustrates this fact with a plausible 3-LUT covering ofan example 2-input gate
circuit. In this gure, many of the LUTSs utilize only two of th e three LUT inputs. In

one case, the LUT in the bottom left of the gure utilizes onlyone of the three LUT
inputs. This is indicated by having only one arrow head entérg the dark shaded
region representing the LUT. The under-utilization of LUT nputs is characterized by
the term , which is the expected number of inputs to a K-LUT that arenot used.

We can then write,

iK =K . (35)

31



Chapter 3. Model Derivation

as used in Equations 3.2, 3.3, and 3.4.

(a) Original Netlist (b) Possible Covering (c) LUT Mapping of Covering

Figure 3.2: Example of a 2-input circuit tech-mapped into 4-:UTs. Notice not all
inputs are utilized in the LUT on the left

We have not found a way to accurately model this analyticallyhowever, exper-
imentally we have found that (as a function ofK) is extremely consistent across
all benchmark circuits we considered. Table 3.1 shows our aseired values of ; the

derivation of a closed form for this expression is an intertésg topic of future work.

Table 3.1:  Values From 20 MCNC Benchmarks [41]

K 2 3 4 5 6 7
0.000| 0.261| 0.466| 0.701| 0.996| 1.232
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3.2 Single-Level Clustering

The second part of the model mirrors single-level clustegn in which K -LUTs are
packed into clusters with a pre-de ned capacity and a pre-deed number of unique
inputs [5]. The inputs of this part of the model areny, the number of K-LUTs in a
circuit; N, the number of LUTs in a cluster; and , the maximum number of available
input pins on a cluster. The outputs are two quantities that ascribe the clustering:
the expected number of LUTs that can be packed into each clest and the expected

number of inputs to each cluster that are used.

3.2.1 Number of Single-Level Clusters Needed to

Implement a Circuit

Consider a technology mapped circuit consisting af, K -LUTs. During clustering,
theseny LUTs are packed into a smaller number of clusters, which we ldenote n.
as shown in Figure 3.3. In this section, we seek closed-forxpeessions forn.. In
the next section, we derive an expression for the expectedmiber of inputs used per
cluster, i.

Each cluster can contain up toN LUTs and have up tol unique inputs. In an
architecture with a large value ofl and small value ofN, it is likely that most clusters
will be completely lled. On the other hand, architectures vith a small value of |
some clusters may not be completely lled because of the litation on the number
of unique inputs. Since we wish our model to apply to both typeof architectures,
we consider each case separately below. We also de ne an diguafor the boundary

between the two cases.
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(a) 3-LUT Tech-Mapped Cir- (b) Possible Covering (c) Clustered Circuit
cuit

Figure 3.3: Example of a 3-LUT tech-mapped circuit clusteckinto groups of 3. In
this caseny, =15and n. =6

| -Limited Clustering

We rst consider architectures in whichl is small, and the expected number of LUTs
packed into each cluster is dictated by the number of physit@ins on each cluster.
Figure 3.4 shows an example-limited clustering, where the restrictionl =5 prevents

all clusters to be fully populated with three 3-LUTs. In suchcases, the expected
number of LUTs packed into each clusterg = ny=n,, will be smaller than the capacity

of the cluster N. To estimate ¢, and hencen., we employ Rent's Rule as follows.
Consider the same region of the technology-mapped circurbfin Section 3.1.1 which
contains z K-LUTs and hasy signals that connect outside the region. When the

same region is mapped to clusters, we can write

y=(i+ o)vP (3.6)

where v is the number of clusters needed for this regiorv( 2z), i is the average
number of used inputs per cluster, ana is the average number of used outputs per

cluster. By the de nition of | -limited clustering, all available cluster inputs are used
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For the remainder of this derivationi = | .

N\ LY

(a) Netlist of 3-LUTs (b) Possible Covering forN = (c) Clustered Netlist
3,1 =5
Figure 3.4: Example of I-limited clustering K = 3, N = 3, | = 5). Notice the

restriction | =5 prevents all clusters in the example to be fully populateavith three
LUTs.

Eliminating y from Equations 3.2 and 3.6 and solving foc gives:
S
I +o0

=P _ -
c K+ 1 ; (3.7

In this equation, ois the only value we do not have an expression for. The follavg

presents the two di erent substitutions for o explored:

Architectural Approximation: o= ¢ Cluster outputs are only driven by utilized
LUTSs, hence the average number of used output pins is the numbof utilized LUTs in
the cluster. Substituting o = cinto Equations 3.7 leads to a non-polynomial equation
that is di cult to solve. Applying a rst-order series expan sion to this equation, we

can write
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1
c= — (3.8)
((k+'1 )(d=p) pll
and
Ne = Ni( 1 ) (3.9)
= ny - :
¢ ((k%)(l‘p) 1
Circuit Fanout Approximation: o= i=f, Alternatively, the average number of

used outputs can be written a® = i=f , wheref, is the average fanout of the circuit

(this term will be computed below). Solving forc and n. from Equation 3.6 leads to:

> I(1+ L)
+ =
= ° 7K+1f° (3.10)
and S
nC:nkp T(Ii%), (311)

The fanoutf in Equations 3.11 and 3.10 can be calculated using a formular [50]:

1 (foMax +1)(p b

f = 1 3.12
1 (foMax +1) (P 2) ( p;foMax) ( )
where:
fWaX np

( p;fomax) = L m, (3.13)

and f ouax 1S the maximum fanout written as:

o Ny (1.

fomax =[(1 + N)W(l O] I (3.14)

In Equation 3.14 we approximated the number of outputs adl and the number
of clusters asng=N; experimentally, we have found that the fanout is only a weak

function of fouax, and thus these approximations lead to only a small error.
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N -Limited Clustering

This case is trivial. As in the Figure 3.5 example, cluster put pins are plentiful and

clusters can be lled to capacity. Hencec= N and

ne= — (3.15)

(a) Netlist of 3-LUTs (b) Possible Covering forN = (c) Clustered Netlist
3,1 =9

Figure 3.5: Example of N-limited clustering K =3, N =3, | =9). Notice with
| =9, there is no longer a restriction on fully packing allN = 3 clusters. However,
N = 3 does limit the entire circuit from being packed into a singe cluster, as in the
caseN = 6.

Boundary Condition

For architectures in whichc < N, clustering isl -limited, otherwise it is N -limited. We
found that deriving a boundary condition from Equation 3.8 leads to an unintuitive

equation and is not used in our model. Instead, using Equatio3.10, we can write
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the following condition that indicates that clustering isl -limited:

s
11+ 4+
P % < (3.16)
This can be rearranged to produce:
enPlrL (3.17)
1+ o

For all values ofl in which Inequality 3.17 is true, clustering isl -limited.

3.2.2 Average Number of Used Inputs for a Single-Level

Cluster
Again, we considerl -limited and N -limited architectures separately. The boundary
condition between the two types of architectures is the sanas in the previous section.
| -Limited Clustering

In these architectures, we would expect all cluster input ps to be used. Thus, we
can write

i=| (3.18)

N -Limited Clustering

Consider applying Rent's Rule to a single cluster as shown Figure 3.6. Setting the
Rent's Rule boundary to encompass this single cluster, thaimber of utilized inputs
and outputs crossing the boundary i = i + osincei of the | cluster inputs ando

of the N cluster outputs are expected to be utilized. Also, the numiveof basic logic
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Chapter 3. Model Derivation

blocks, in this caseK -LUTSs, contained in the bounded region idN. Substituting
these values into Equation 2.1 leads to:
i+o=1t NP (3.19)

As shown in Section 3.1.2, the average number of used inputsfor a K -LUT can
be estimated aK and since all LUT output are always utilized, Equation 3.20
can be rewritten as:

i+0=(K+1 ) NP (3.20)

%)

-l-&

'(#$%")!

+0/-.&

530.6&"5-23"
78-09:4;

Figure 3.6: Rent's rule applied to a single cluster{ =3, N =3, | =8)
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By substituting o= i=f, into Equation 3.20 and solving fori, we obtain

_ (K+1 NP
= EE—

(3.21)

3.3 Multi-Level Clustering

The nal part of the model mirrors multi-level clustering. The rst-level of clustering
is the same as single-level clustering, wheke-LUTs are grouped together into rst-
level clusters. First-level clusters are then recursivelgrouped together into larger
clusters with a pre-de ned capacity and number of inputs at &h level as illustrated
in Figure 3.7. The model's inputs are analogous to the singlevel model: N is
replaced byN, and | is replaced byl,, where theL subscript indicates the level in

the hierarchy that the value describes.

|/ mtd’ Ly TR
!/ e

\ R
N * \ A/ y e / a

‘ # o
pEE EEE .
(a) Netlist of L=1 Clusters (b)Possane Covering for N> (c) Netlist of L=2 Clumsmtgrs 777777

= 2, |2 =6

Figure 3.7: Example of multi-level clustering
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3.3.1 Number of Multi-Level Clusters Needed to

Implement a Circuit

We now model the multi-level clustering process, for an aritbcture with M hier-
archical levels. Consider a technology mapped circuit castng of ny K-LUTs. In
multi-level clustering, thesen, LUTs will be packed into a number of rst-level clus-
ters, which we will denoten;. Level-1 clusters are then recursively grouped into
progressively smaller number of, sized clusters, wherd. denotes the hierarchical
level in the FPGA architecture andL M. In this section, we seek a closed-form
expressions fom,. In the next section, we derive an expression for the expedte
number of inputs used per cluster for the.th level, i, .

At each levelL, clusters contain up toN_ (L 1)-level clusters and have up to
I, unique inputs. Each individual level of an architecture is @ategorized as either
or N-limited. Hence, it is possible for an architecture to be botl and N limited at
di erent levels and each case is handled separately belowhd simple modi cation
of replacingN and | with N; and I, in Equations 3.11, 3.15, 3.18, and 3.21 of our
single-level clustering model produces our rst-level mad for multi-level clustering.
These modi cations can be seen in the summary of equations Bection 3.5. The

remainder of this section derives the capacity of the modslsubsequent levels.

3.3.2 |-Limited Clustering

Consider thelL-level cluster in whichl_ is small, and the expected number dl_ ;
clusters packed into each cluster is dictated by the numberf physical pins. In this
case, the expected number of( 1) clusters packed into each cluster,c. = n. =n.,
will be smaller than the capacity of the clustelN, . Consider the same circuit region

as the previous derivations. When that region is mapped tb-level clusters, we can
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write

y = (i, + o )wf (3.22)

wherew, is the number ofL -level clusters needed for this regionn  w_ 1
w; V), i is the average number of used inputs per L-level cluster amgy is the
average number of used outputs per level-L cluster. In thisase, by de nition, all
cluster inputs are utilized and for the remainder of the devation i, = I,.

Clustering at the L-level results inw,. ; (L  1)-level clusters packed intow,
L-level clusters. Applying Equation 3.22 to theL and (L 1) cases, eliminatingy,
and solving forc_ leads to:

WL 1 iL+ o

=P — — (3.23)
WL IL 1+ 0. 2

In this equation, a derivation for the values of the expectedumber of used outputs,
o. and o 1, is needed. As discussed in Section 3.2.1, there are two nueth of
approximating o. In both cases we chose the approximation that led to the most
intuitive and simple equation. In the L-level case, applying the average fanout based
approximation provides a solution without performing a corplicated series expansion.
In the (L 1)-level case we prefer the architectural based approximan, o, | =

C. 1 Since it's a simpler expression compared to the fanout appimation and the
value ¢ ; is easily accessible when applying this model recursiveliaking these

substitutions into Equation 3.23 gives:

(3.24)
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and S

(3.25)

3.3.3 N-Limited Clustering

This is the trivial case. Since cluster inputs are plentifylclusters can be lled to

capacity. At an clusteringL-level,c¢c. = N_ and

ATH]
= 3.26
ne N, ( )

3.3.4 Boundary Condition

For architectures in whichc, < N, clustering isl -limited, otherwise it is N -limited.

Using Equation 3.24, we can write the following condition tat indicates that clus-

tering is | -limited: S
iL(1+ &
SRl e RN (3.27)
L 1+ C 1
This can be rearranged to produce:
piL 1+ C 1
IL<NL7(1+ i (3.28)

fol 1

For all values ofl which inequality 3.28 holds, clustering ig -limited.

3.3.5 Number of Used Inputs for a Multi-Level Cluster

Again, | -limited and N -limited architectures are treated separately. The bounds

condition between the two types of architectures is the san@ss in the previous section
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I-Limited Clustering

In these architectures, we would expect all cluster input ps to be used. Thus we
can write:

i|_ = ||_ (329)

N-Limited Clustering

By applying Rent's Rule to aL-level cluster that hasi, + o_ external 1/O pins, we
obtain:

iL+o =(iL 1+ 0 1)Nf 1 (3.30)

since each of theN_. ; (L 1)-level clusters contained in thelL-Level cluster has
(iL 1+ o 1) external connections.
By substituting o, = i, =f, ando. 1 = ¢ ; and solving fori_, we obtain
iL 1+ 0C 1Nf 1

||_ = 1+ f:L (331)

3.4 Model Summary

Our model is summarized in Table 3.2.

In this chapter we derived and presented our model's equatis in terms of CAD
tool stages. However, our model equations are intrinsicgltelated and can be further
expanded by using simple substitutions, exposing subtle lagionships. For exam-
ple, when Equation 3.4 was substituted into Equation 3.11,he resulting equation

q

ﬁ was the number of utilized clusters under I-limited clusteng and
contained only architectural and circuit parameters. Thidorm revealed that cluster

utilization is a weak function of LUT size.
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In subsequent chapters we validate our model's derived edisas and applied

them in an analytical model that relates logic parameters tthe area e ciency of an

FPGA.
| Description | Equ. # | Equation
Technology Mapping g
Number of Utilized K-LUTs 3.4 N = NgP o—
Expected K-LUT Input Utilization - K
Single/First-Level Clustering q
N _ — K+ < pK+1
Number of Utilized Clusters 311 o= Mc? 1as =) forl <N P =
3.15 ne = for I >N pKl—jlf%—
L . = <N pR*
Expected Cluster Input Utilization 3.18 ('K - for I <N P z
— + K+1
Multi-Level Clustering .
— iL 1 C 1 < N P 1*C 1
Number of Utilized Clusters | >2° | M= M a7 g forle <Nig——;
3.26 no= 2 for|L>Nf('lL+fl+ﬁ
e : i, = < NP1 2
Expected Cluster Input Utilization 3.29 L=l forlu <N {7 T
331 | i, = e N gorg sNPLate
: T

foL

1+

)

forl 1)

Table 3.2: Model Summary

45




Chapter 4

Model Veri cation

In this chapter, we evaluate the accuracy of the model derigiein Chapter 3. We
employed an experimental approach. Experimental data waerated by synthesiz-
ing and compiling benchmark circuits using the FPGA CAD ow and then compared
against our model's estimations.

The chapter is organized as follows. The methodology is debed in Section 4.1.
The veri cation of the technology mapping, single-level, md multi-level models are

described in Sections 4.2 - 4.4. Section 4.5 summarizes thapter.

4.1 Experimental Methodology

Two sets of benchmarks were used in this study: 1) twenty bemmark circuits from
Microelectronics Centre of North Carolina (MCNC) [41] and P ve synthetically
generated benchmarks created using a system-level stodltasircuit generator [37].
The benchmark circuit names, along with their size in 2-LUTsand Rent parameter
are shown in Table 4.1.

The Rent parameter of each circuit was measured using the Gian partitioner
[23]. The partitioner was recursively applied to each cirey) and the Rent parameter
was evaluated at each iteration. The nal value for the Rent prameter was calculated
as the arithmetic average of the measured Rent parametersalt but two levels. The

Rent parameter measured during the rst two levels are oftern uenced by 1/0
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Chapter 4. Model Veri cation

| Name | Size (# of 2-input Gates) | Rent's Parameter |

| MCNC |
s38417 13307 0.588249
ex1010 8020 0.662364
pdc 8408 0.734196
spla 7438 0.690866
frisc 6002 0.655749
elliptic 5464 0.634743
bigkey 2979 0.544277
dsip 2531 0.569324
s298 4268 0.551897
des 2901 0.614122
apex2 3165 0.665979
seq 2939 0.70254
dieq 2544 0.577743
alu4 2732 0.647396
apex4 2196 0.716016
tseng 1858 0.583609
misex3 2557 0.687191
ex5p 1779 0.723639
i10 1668 0.637836
C6288 1820 0.637836
| Synthetically Generated |
net7.0 56953 0.69094
net7_1 33374 0.656576
net7_2 28538 0.76029
net7_3 42200 0.666351
net7_4 39853 0.62213

Table 4.1: Benchmark List
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restrictions caused by packaging, and are omitted to ensuvee capture the circuit's
\natural" Rent parameter. This Rent parameter, along with the number of 2-input
gates in each circuit were then used as inputs to the modelssdeibed in Chapter 3.

The model predictions were compared to results obtained froan experimental
ow as shown in Figure 4.1. In this experimental ow, the twoinput gates in each
circuit were rst packed into look-up tables (as describedn Section 2.2.1, this process
is referred to as technology mapping). We employed two di ent technology mapping
algorithms: Emap [29] and Flowmap [9]. After being technolly mapped, we counted
the number of lookup-tables required to implement each cu@, and compared this
to the results of Equation 3.4. The comparison is presented Bection 4.2.

Each technology-mapped circuit is then packed into logic btks (as described in
Section 2.2.2, this process is referred to as clustering.)g#@in, we use two di erent
clustering algorithms: T-VPack [38] and an implementatiorof iRAC algorithm [44].
After clustering, we count the number of clusters requiredat implement each circuit
and compare this to that predicted by Equations 3.11, 3.15,.B3, and 3.21. These
comparisons are presented in Section 4.3.

Finally, we employed a multi-level clustering algorithm tocluster the lower-level
clusters into higher-level clusters. Since a multi-levellustering algorithm was not
immediately available, we modi ed the T-VPack algorithm toperform recursive clus-
tering for multi-level architectures and named it MT-VPack

MT-VPack shares T-VPack's core algorithm, a two step algaitim that 1) selects
a seed logic block (LB) for the new cluster, 2) then greedilygeks subsequent LBs
based on an attraction function. The attraction function isbased on two components,
a shared net and critical path cost function, as described i8ection 2.2.2. The main
di erence between the two programs is in the calculation ofhte two cost functions

between the unpacked LBs and the new cluster. Dierences lweten the cost func-
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tion calculations originate from the additional output comections that need to be
considered when packing multiple output low-level clusterin MT-Vpack in contrast
to single output BLEs in T-Vpack.

With the exact quality of MT-VPack's heuristics undetermined, the use of this
clustering tool in our veri cation may be questionable. Howver, in the absence of
a fully evaluated multi-level clustering tool, MT-VPack |Is our veri cation needs.
Though MT-VPack is not an optimal clusterer, it is based on te ubiquitous single-
level clusterer, T-Vpack, and it's expected to yield reas@ble data with similar
trends. In veri cation, our model's tracking accuracy is esential to its use in ar-
chitecture evaluation. Accurate absolute value estimatesf optimally packed cluster
is of secondary importance.

At each level of the clustering, we employed MT-VPack and coted the number
of clusters required to implement each circuit, as well as ¢haverage number of inputs
used in each cluster, and compared those numbers to Equato8.25, 3.26, 3.29, and

3.31. The results are presented in Section 4.4.

4.2 Technology Mapping Model

Figure 4.2 illustrates the accuracy of our technology mappj model. Table 4.1
shows the results for two di erent technology mapping algathms, EMap[29] and
Flowmap[9], averaged over the benchmark circuits. We obtad the analytical re-
sults from Equation 3.4 using the average Rent parameter froall benchmark circuits.

As the graph shows, the analytical results track the experiental results very closely.
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Figure 4.2: Logic per LUT vs. LUT size
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4.3 Single-Level Clustering Model

Figure 4.3 and 4.4 illustrate the accuracy of our clusteringhodel. Figure 4.3 shows
the ratio 2—5 as a function of cluster size. In all cases, we assume that tlwekup-
table size,K, was 4 and the number of available cluster inputd,, was Q88N + 3:2
from [18] (this ensures that our clustering i$ -limited, which is the interesting case for
this graph). The analytical results were obtained using Eation 3.4 and 3.11, while
the experimental results were obtained using two separatéustering algorithms, T-
Vpack [5] and an implementation of iIRAC [44]. Again, the angtical results are very
consistent with both sets of experimental results.

Figure 4.4 shows the same ratio as a function of the number afput pins per
cluster, 1. In all cases,K =4 and N = 20. The boundary betweenl -limited and
N -limited architectures is also shown. The graph shows thatuo model tracks the
experimental results well in both regions.

Figure 4.5 and Figure 4.6 shows the average number of usedutsgper cluster as a
function of cluster size. Although our model tracks both setof experimental results,
it matches the iIRAC results more closely. This is expectedjnge iIRAC explicitly

tries to minimize the use of cluster pins.

4.4 Multi-Level Clustering Model

The previous section focuses on verifying our model for vang LUT size, cluster
size, and cluster inputs for single-level clustering. In th section we concentrate on
verifying our model across a number of levels,, for a multi-level FPGA.

Figure 4.7 shows the accuracy of our model for up to 4 levels this experiment

K =4 and a cluster size of 4 was used at each level( =4 for L =[1;4]). At L =4,
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Figure 4.3: Logic packed per cluster vs. cluster size

Level (L) 1,23 4
Number of Inputs (I) || 7| 18| 49 | 136
Total Number of LUTs || 4 | 16 | 64 | 256

Table 4.2: Cluster architectures that achieve 90% logic k& utilization

the clusters contained 256 4-LUTSs, large enough to encapsid the largest MCNC
benchmark in less than 15 clusters. To improve the statistt signi cance, we used a
synthetic circuit generator [37] to create larger benchmércircuits that were greater
than 10 times larger than the largest MCNC benchmark (s38417

At each level, we set to a value that led to 90% logic block utilization, ensuring
| limited clustering. For example, Figure 4.8 shows at Level,1, = 7. Table 4.2
summarizes the exact architectures used at each level.

Figures 4.9 shows the average number of used inpuig,as a function of cluster

levels, L. In both the multi-level versions of the cluster utilization and used input
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Figure 4.4: Logic packed per cluster vs. input size

models we see an increase in error between the model and ekpental data as
L increases. The two errors may be associated to an inaccuraoythe boundary
condition. Specically in these cases our model assumesedypll-limited clustering
when in reality, the experimental data indicates som& -limited clustering. This is
evident in Figure 4.9, wherei, = I, a clear indication that our model assumed
I-limited clustering for all clusters. However, in the expemental data i, < I,
suggesting a signi cant number of clusters are actually Nrhited. This misprediction
in the boundary condition can also be seen in Figure 4.7, senassumingl - instead
of N -limited clustering would lead to an under-estimate in clugr packing density,
ng=nc . Though both single- and multi-level models share similardundary condition,
the recursive nature of our multi-level model leads to compimded errors and becomes

more pronounced at higher hierarchical levels.
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4.5 Summary

In this chapter we demonstrated that our model tracks expamental results across the
four swept architectural parameters, LUT size, cluster s&g number of cluster inputs,
and depth. In the next chapter we apply our model in two samplapplications and
show our model is su ciently accurate to base architecturatlecision on it's estimates.
In these two applications we exhibit our model's ability to apidly search architectural

spaces for optimal con gurations for both single- and multlevel cluster FPGAs.
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Applications of Model

One of the main contributions of our model is to allow for eayl architectural evalua-
tion. In this chapter, for both single and multi-level FPGAs we show how the model,
along with the channel width model from [18], can be used to tewate the routing
area in an FPGA as a function of architectural parameters shcasK, N, and|. In
modern FPGASs routing area accounts for the majority of the arall area [5] and is an
essential metric in architectural evaluation. We will invetigate whether an analytical
ow employing our model leads to similar conclusions that wdd be obtained by a
more time-consuming experimental methodology.

This chapter is divided into three sections. The rst sectio provides a brief
summary of the classical experimental method used to perforsimilar performance
evaluations. This is followed by an example application ofhe single-level model
used in the estimation of routing area as a function o, N, and |. The resulting
estimations are compare against experimental results olm&d by performing the
classical experimental methods. The last section investitgs the use of our multi-
level cluster model to rapidly sweep a large architecturapace in search of an optimal

architecture.
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5.1 The Classical Experimental Method

During the design of a new FPGA, the area implications of eacarchitectural en-
hancement has to be evaluated, to determine whether it shaube incorporated in
the new device. The current method of evaluating routing aeeis to experimentally
synthesize a series of benchmark circuits using a CAD ow iotdi erent FPGA ar-
chitectures of interest, and then measure the resulting aae This method is common
in both academia [2, 5, 27] and industry [34].

A typical CAD ow used in evaluation is shown in Figure 5.1 ands the ow im-
plemented in the veri cation of our model's applications aseen later in this chapter.
In the rst step the SIS [43] program performs synthesis, whbh takes a benchmark
circuit and converts them into an equivalent circuit netli$ of simple 2-input logic
gates and ip ops. This netlist is then inputted into Flowmap [9] that performs
technology mapping and converts the circuit in a netlist oK -input LUTs. Then, all
the LUTs are packed into logic clusters using either T-VPac[38] for single-level clus-
ter architectures or MT-VPack for multi-level cluster archtectures. This is followed
by the placement and routing of all clusters using VPR 5.0 [36

Experiments evaluating the impact of logic architecture, dscribed byK, N, and
|, on routing area are conducted by performing sweeps of eacargmeter. During
these experiments a reasonable FPGA routing architecturs chosen and remains con-
stant throughout all experiments. From the placement infamation and the routing
architecture description, the VPR 5.0 router determines th needed routing resources
to implement the circuit and calculates the needed routingraa using an area model

similar to that shown in Appendix A.
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Figure 5.1: Classic architecture evaluation ow

5.2 Single-Level Cluster Architecture

In this section we evaluate the e ectiveness of our singledel cluster model to esti-
mate the inter-cluster routing area as a function oK, N, and | . Our area model was
derived from the area model calculations found in VPR 5.0 [B@nd a full derivation

can be found in Appendix A. We considered three ows: 1. Punglanalytical, 2.

Purely experimental, and 3. An intermediate ow. Each is degibed in detail below
followed by a comparison of ow results and a discussion ofigoes of errors.

The three ows we consider are:

1. Flow 1: Purely analytical - We used the model described in Chapter 3, to
estimate n., the number of utilized clusters, andi, the expected number of

utilized cluster inputs. These quantities were used in compction with the
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channel width model in [18] to determine the amount of routig needed for
a given architecture. We then used our area model to estimategic block,
connection block, and switch block area usage. These eqoat are similar to
those used within VPR 5.0 that assumed an architecture with ni-directional
and single-driver wires. Multiplexers were assumed to be plemented using a
two-tiered structure with one-hot select lines (as in VPR 8, see Appendix A).
Finally, these area estimates were used to determine the areequired for each
of twenty large benchmark circuits. Note that this ow was puely analytical

and does not require experimental CAD tools.

. Flow 2: Purely Experimental -As described in Section 5.1, each of the twenty
benchmark circuits were full synthesized using the CAD own Figure 5.1. The
nal area required for reach of the twenty benchmarks was aallated using the

model within VPR 5.0.

. Flow 3: Intermediate -As an intermediate between the rst two ows, we used
the model in Chapter 3 to estimaten, and i, but used VPR 5.0 to determine the
actual channel width (instead of using the model from [18])The analytically
estimated values fon. andi and the experimentally measured values for channel
width were the inputs to our area model. This ow is included b provide insight

into each portion of the analytical model.

Figure 5.2-5.4 shows the results for an architecture withs = 9, F, = 20, and

Feout = 4. Figure 5.2 shows the area as a function & , Figure 5.3 shows the area as

a function of N, and Figure 5.4 shows the area as a function bf

All cases resulted in close tracking between Flow 2 (purelxmerimental) and Flow

3 (analytical technology mapping and clustering but expemental routing). This was

expected, given our model's accuracy.
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Figure 5.2: Area vs. LUT size

When the model from [18] is used (Flow 1), the analytical estiates still tracked
the experimental results, however, not as closely. The lagt di erences arose for
architectures with a small number of cluster inputs. Theserahitectures contained
far fewer inputs per cluster than the equations in [18] weratended to model. From
further experimentation, we found that for such \extreme" achitectures, the average
wirelength is 25% larger than the architectures considerad [18]. We saw a direct
relationship between required routing resources and wisglgh from Equation 2.13
indicating this was a plausible cause of the over-approxirian in the routing area.

The wirelength approximation error could be explained, pmarily because ad
decreased, the sharing of LUT inputs within a cluster was eaaraged. This tended
to decrease the average fanout, as seen in Figure 5.5. Inively, decreasing the

average fanout tends to increase the average wirelength. &fole of a single net in an
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Figure 5.3: Area vs cluster size

FPGA can be modeled as a spanning tree, where vertices mod€d and switches
and edges model wires. The branches of the branch-trunk stture of a spanning
tree reduces the wirelength compared to a strictly trunk strcture, like a direct point-
to-point routing architecture. A decrease in fanout both kely reduces the number
of branches in a route and increases the number of trunks, litng the wirelength
savings of the tree structure, and leading to an overall inease in wirelength.

The limitations of Fang's model is an important observatior{ although the model
presented correctly modeled architectures with small vaéis ofl , a complete analytical
ow that accurately models these architectures does not yetxist. Addressing this
limitation is an interesting area for future research, sire if such a model did exist,
the tracking between Flows 2 and 3 suggests the potential adropletely replacing the

experimental approach with the the analytical approach preented.
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Figure 5.4: Area vs number of inputs
5.3 Multi Level Cluster Architecture

In our second application of our model, we demonstrate a mettl of rapidly exploring

a multi-level FPGA design space. In this case we determine axquire the optimal
values forN_ and I for a multi-level cluster containing exactly eight 4-LUTs. One
may consider using an experimental approach and performiragn exhaustive search
to solve this problem. However this approach would be time phibitive, since the
design space consists of more than 800 cluster architecturdo put the computation
time in perspective, if an architecture evaluation was pesfmed using 20 benchmarks,
each on average taking 30 minutes for VPR to compile, this ér¢ experiment would
take over 7500 processorhours. This is a generous prediction since typically modern
digital designs require several hours to compile.

Instead, in this application we take an analytical approacho rapidly search and
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Figure 5.5: Identifying limitations of Fang's model [18]

reduced the design space to only interesting architecturedVe use the area model
described in Appendix A in conjunction with the logic block ad routing resource
estimations from the equations in Chapter 3 and [18] to estiate the area required for
all architectures in the design space. Table 5.1 presentsetithree most area e cient
cluster input con gurations for each cluster size combin&n and forms a reduced
design space by choosing. Finally, we perform a more thordugnd time-intensive
CAD experiment on the top architectures to determine the opinal architecture.
These results were veri ed using the similar three ows usenh our single cluster

application for our reduced design space.

1. Flow 1: Purely analytical - We used the model described in Chapter 3 and
[18] to estimate logic block and routing resource usage, pestively. These

values were applied to the multi-level cluster model desbed in Appendix A to
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Architecture Index || Cluster Sizes|| Cluster Inputs
Ny [Nz [Ng[ls]12] I3

1 21 2| 2 517 12
2 21 2| 2 5| 8 13
3 21 2| 2 5| 8 14
4 214 |1 5113 1
5 2 4 1 5114 1
6 2 4 1 6 | 13 1
7 4 2 1 8 | 14 1
8 4 2 1 8 | 15 1
9 4 | 2|1 8 | 13 1
10 8|1 |1 113]|1 1
11 8|1 |1 1|14]1 1
12 8 1 1(16| 1 1

Table 5.1: List of the best cluster architectures with an ovall number of LUTs of 8

determine the area required for each of the twenty large bdmoarks circuits.
These area values were the same as those used in the rapid ideckure space

search.

2. Flow 2: Purely Experimental -Each of the 20 large benchmark were mapped into
4-LUTs using ow map and then packed into the cluster architetures described
in Table 5.3 using T-VPack at the rst-level and MT-VPack for subsequent
levels. The resulting clusters were then placed and routedtiv VPR 5.0 and
we used the CAD tool's internal model to calculate the area foeach of the

twenty benchmarks.

3. Flow 3: Intermediate -In this ow we used the equations from Chapter 3 to
determine the logic block resource usage, but used the VPROS. model to
determine the actual routing resource demand. These valuegre then used
applied to our multi-level cluster area model. This ow provwded insight into

each portion of the analytical model.
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Figure 5.6 shows the results for each of the 12 architecturesTable 5.1. As in the
single-level clustering application, the inaccuracies ¢low 1 compared to the other
two ows show the limitations of the Fang model. Flows 2 and 3rack very well and
suggests with an accurate routing resource model our rapidach approach would be
e ective way to reduce the design space and is possibly acate enough to entirely

base our architecture decisions on.
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Figure 5.6: Number of minimum-transistor widths (MTW) for the best architectures

5.4 Summary

This chapter rst compared our single-level clustering moel against results from clas-
sical experiments and showed our model's potential to dewgl into a viable analytical

area model. In the second section, we evaluated multi-levauster architectures using
analytical means. Analytically we performed an exhaustiveweep of the architectural

space, to identify a region of interest. A comparison betweeexperimental and esti-
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mated results showed our model was adequately accurate withhat targeted region.
In the next chapter we summarize our overall results and expd on the further im-

provements for our models.
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Chapter 6

Conclusions

6.1 Contributions

In this thesis, we presented an analytical model describirte relationship between
FPGA logic block architecture and logic block resource uti#ation. Our model was
built in three stages, each estimating measurable value®i a corresponding FPGA
CAD ow stage. The rst stage, analogous to technology mapjpig, estimated the
number of K-LUTs needed to implement a circuit. The second and third stgges
paralleled single- and multi-leveled clustering. For thestwo clustering stages our
model estimated two values: 1) the number of clusters neededimplement a circuit
and 2) the expected number of used cluster inputs used for bacluster. All three
stages were veri ed against experimental data produced by corresponding CAD
tool and were shown to have good accuracy.

To illustrate the power of our model, we applied our logic blek utilization model
with Fang's routing resource utilization model [18] to pedrm two architecture eval-
uations focused on area-optimization. Our rst applicatim demonstrated how our
model could be used to search for the best LUT siz& {j, number of cluster inputs
(1), and cluster size N) for single-level FPGA architectures. Comparing the ana-
lytical against experimental results, our model showed adeate accuracy and led to
conclusions similar to previous academic papers [2, 5].

Our second application demonstrated our model in a multi-lel architecture sweep
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to identify a set of area-e cient architectures. In this ca®, verifying all possible
architectures was time prohibitive. Instead, we utilizedhe area model and performed
a rapid search to reduce the number of possible optimal artbctures in the design
space to twelve. These twelve architectures were then evating using a full CAD

ow compilations, and the resulting CAD model estimations wre compared against
our model's area estimations. The results showed our modedchgood delity and

Flows 2 and 3 track very well, suggesting that with an accurat routing resource
model our rapid search approach would be e ective way to rede the design space

and is possibly accurate enough to entirely base our architere decisions on.

6.2 Future Work

6.2.1 Model Improvements

In Section 3.1.2 we introduced the value, the expected number of inputs to & -
LUT that are not used. We have not found a way to accurately mogl analytically
and remains an interesting area of research for the future.

Modern FPGAs contain advanced BLEs, dedicated digital sign processing (DSP),
and memory blocks to improve area density and eliminate perimance bottlenecks
in DSP designs. Although these components were not included this work, they
need to be correctly modeled to enable future architecturaxploration. The current
model does not handle advanced features present in modern &R architectures.

The model could be enhanced to cover the components discusbelow.
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Advanced BLE

In most datapath circuits the critical path is contained in the carry chain used in
arithmetic and logic operations. BLE's contain specializehigh-performance circuitry
that directly connect adjacent BLEs and bypasses the slowéUT logic to improve
performance in carry chain operations. Such an architectairshifts carry logic from
a BLE's LUT to the carry chain circuitry resulting in a reduction in the number of
utilized BLEs.

To improve area-e ciency, modern BLEs contain fracturableadaptive-LUTs (ALUT)
capable of being con gured to e ectively implement one larg or two smaller sized
LUTs. For example, Altera's Stratix Il [12] proprietary BLE contains a single 8-
input ALUT, which at the tech mapping CAD stage can be con gued to implement
a single 6-input function or two smaller LUTs which sizes degmd on the number of

shared inputs between the two LUTSs.

Dedicated Blocks

In modern FPGAS, some clusters are replaced with large memgoblocks and DSP
blocks to achieve higher logic density and reduced delay. BEA memory blocks
facilitate large data storage and also provide an area-e eint implementation of rst-
in rst-out (FIFO) bu ers and shift registers. DSP blocks contain specialized high-
performance circuitry to support a large number of paralleiultipliers. Again logic
is shifted from LUTs to these specialized blocks resultingnia reduced number of

utilized LUTs and more area-e cient implementation.
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6.2.2 Analytical Modeling Project

This body of work is the rst of a larger analytical modeling poject to provide a tool
to enable early-stage architecture development and prowdinsight to understand
why certain architectures work well. Recently this work ha$een incorporated in
two analytical wirelength models for FPGAs [13, 45]. The redts from Chapter 5
motivates the need for an analytical model of routing resoae utilization that is
accurate for a wider range of architectures than current mais. This would enable a
fully analytical evaluation of area-usage of FPGA architdares. Other future works
include developing analytical models for depth and routingesource utilization that
would in turn facilitate the creation of models for power, dity, compilation time, and
all other important metrics in evaluating and designing optnal architectures for the

next generation of FPGAs.

71



Bibliography

[1]

2]

[3]

[4]

[5]

[6]

A.A. Aggarwal and D.M. Lewis. Routing architectures forhierarchical eld
programmable gate arrays. InComputer Design: VLSI in Computers and Pro-
cessors, 1994. ICCD '94. Proceedings., IEEE InternationaConference on pages

475{478, 1994.

Elias Ahmed and Jonathan Rose. The e ect of lut and clustesize on deep-

submicron fpga performance and density. pages 3{12, 2000.

J.H. Anderson and F.N. Najm. Power-aware technology mamg for LUT-based
FPGAs. Field-Programmable Technology, 2002. (FPT). Proceeding2002 IEEE

International Conference on pages 211{218, Dec. 2002.

S. Balachandran and D. Bhatia. A priori wirelength estimtion and interconnect
estimation based on circuit characteristics. IEEE Trans. on Computer-Aided

Design of Integrated Circuits and System£4(7):1054{1065, July 2005.

V. Betz, J. Rose, and A. Marquardt.Architecture and CAD for Deep-submicron

FPGAs. Kluwer Academic Publishers, 1999.

Vaughn Betz and Jonathan Rose. VPR: A new packing, placemt and routing
tool for FPGA research. InFPL '97: Proceedings of the 7th International Work-
shop on Field-Programmable Logic and Applicationgpages 213{222, London,
UK, 1997. Springer-Verlag.

72



Bibliography

[7] S.D. Brown, J. Rose, and Z. Vranesid-ield-Programmable Gate Arrays Kluwer

Academic Publishers, 1992.

[8] Philip Christie and Dirk Stroobandt. The interpretation and application of
Rent's rule. IEEE Trans. Very Large Scale Integr. Syst. 8(6):639{648, 2000.

[9] J. Cong and Yuzheng Ding. FlowMap: an optimal technologymapping algorithm
for delay optimization in lookup-table based FPGA designs.Computer-Aided
Design of Integrated Circuits and Systems, IEEE Transactics on 13(1):1{12,
Jan 1994.

[10] J. Cong and Yuzheng Ding. On area/depth trade-o in LUTbhased FPGA tech-
nology mapping. Very Large Scale Integration (VLSI) Systems, IEEE Transac-
tions on, 2(2):137{148, Jun 1994.

[11] Altera Corp. Cyclone family data-sheetAvailable at www.altera.com
[12] Altera Corp. Stratix Ill device handbook. Available at www.altera.com

[13] Joydip Das, Steven J. E. Wilton, Philip Leong, and Wayné.uk. Modeling post-
techmapping and post-clustering FPGA circuit depth. InFPL '09: Proceedings
of the 19th International Workshop on Field-Programmabledgic and Applica-
tions, 2009.

[14] J. A. DAVIS. A stochastic wire-length distribution for gigascale integration (gsi)-
part i : Derivation and validation. IEEE Trans. Electron Devices 45(3):580{589,
1998.

[15] J. A. DAVIS. A stochastic wire-length distribution for gigascale integration
(gsi)-part ii. applications to clock frequency, power dispation, and chip size

estimation. IEEE Trans. Electron Devices 45(3):590{597, 1998.

73



Bibliography

[16] W Donath. Wire length distribution for placements of caputer logic. IBM
Journal of Research and Developmen25(1):152{155, 1981.

[17] W.E. Donath. Placement and average interconnect lerfgg of computer logic.

IEEE Trans. on Circuits and Systems 26(4):272{277, 1979.

[18] Wei Mark Fang and Jonathan Rose. Modeling routing demanfor early-stage
FPGA architecture development. InFPGA '08: Proceedings of the 16th in-
ternational ACM/SIGDA symposium on Field programmable ga arrays pages
139{148, New York, NY, USA, 2008. ACM.

[19] M Feuer. Connectivity of random logic. IEEE Transaction on Computers C-

31(1):29{33, Jan. 1982.

[20] A.E. Gamal and Z. Syed. A stochastic model for intercomations in custom
integrated circuits. Circuits and Systems, IEEE Transactions on28(9):888{894,
Sep 1981.

[21] Haixia Gao, Yintang Yang, Xiaohua Ma, and Gang Dong. Argsis of the e ect
of LUT size on FPGA area and delay using theoretical derivatns. In Int'l

Symposium on Quality Electronic Designpages 370{374, March 2005.

[22] Padmini Gopalakrishnan, Xin Li, and Lawrence Pileggi. Architecture-aware
FPGA placement using metric embedding. IDAC '06: Proceedings of the 43rd
annual conference on Design automatigmpages 460{465, New York, NY, USA,

2006. ACM.
[23] Marcel Gort. Gortian partitioner (ece583: AssignmenB). ECE583 2007.

[24] Xilinx Inc. Virtex-5 family overview. Available at www.xilinx.com

74



Bibliography

[25] Xilinx Inc. XC2064 datasheet.Available at www.xilinx.com

[26] lan Kuon and Jonathan Rose. Measuring the gap between 6Rs and ASICs. In
FPGA '06: Proceedings of the 2006 ACM/SIGDA 14th internatimal symposium
on Field programmable gate arrayspages 21{30, New York, NY, USA, 2006.
ACM.

[27] lan Kuon, Russell Tessier, and Jonathan Rose. Fpga aitelcture: Survey and

challenges.Found. Trends Electron. Des. Autom, 2(2):135{253, 2008.

[28] Andrew H. Lam, Steven J.E. Wilton., Philip Leong, and Wgne Luk. An ana-
lytical model describing the relationships between logicrehitecture and FPGA
density. In FPL '08: Proceedings of the 18th International Workshop oniEld-

Programmable Logic and Applicationspages 221{226, 2008.

[29] J. Lamoureux and S.J.E. Wilton. On the interaction betwen power-aware FPGA
CAD algorithms. Computer Aided Design, 2003. ICCAD-2003. International
Conference on pages 701{708, Nov. 2003.

[30] B. Landman and R. Russo. On a pin vs. block relationshijpff partitions of logic

graphs. IEEE Trans. on Computers C-20:1469{1479, 1971.

[31] G. Lemieux, E. Lee, M. Tom, and A. Yu. Directional and sigle-driver wires in
FPGA interconnect. Field-Programmable Technology, 2004. Proceedings. 2004
IEEE International Conference on pages 41{48, Dec. 2004.

[32] Guy Lemieux and David Lewis. Design of Interconnection Networks for Pro-

grammable Logic Kluwer Academic Publishers, Norwell, MA, USA, 2004.

75



Bibliography

[33]

[34]

[35]

[36]

[37]

[38]

Guy G. F. Lemieux, Stephen D. Brown, and Daniel Vranesi©n two-step routing
for FPGAs. In ISPD '97: Proceedings of the 1997 international symposiurmo
Physical designpages 60{66, New York, NY, USA, 1997. ACM.

David Lewis, Elias Ahmed, Gregg Baeckler, Vaughn BetaMark Bourgeault,
David Cashman, David Galloway, Mike Hutton, Chris Lane, Ang Lee, Paul
Leventis, Sandy Marquardt, Cameron McClintock, Ketan Padkia, Bruce Peder-
sen, Giles Powell, Boris Ratchev, Srinivas Reddy, Jay Schdeer, Kevin Stevens,
Richard Yuan, Richard Cli, and Jonathan Rose. The stratix i logic and routing
architecture. In FPGA '05: Proceedings of the 2005 ACM/SIGDA 13th interna-
tional symposium on Field-programmable gate arraypages 14{20, New York,

NY, USA, 2005. ACM.

Wei Li and D. K. Banerji. Routability prediction for hierarchical FPGAs. In
GLS '99: Proceedings of the Ninth Great Lakes Symposium on 8L, page 256,
Washington, DC, USA, 1999. IEEE Computer Society.

Jason Luu, lan Kuon, Peter Jamieson, Ted Campbell, Andye, Wei Mark Fang,
and Jonathan Rose. Vpr 5.0: FPGA CAD and architecture explation tools
with single-driver routing, heterogeneity and process sliag. In FPGA '09:

Proceeding of the ACM/SIGDA international symposium on Fi&l programmable

gate arrays pages 133{142, New York, NY, USA, 2009. ACM.

Cindy Mark, Ava Shui, and Steven J.E. Wilton. A system#ével stochastic circuit
generator for FPGA architecture evaluation. Field Programmable Technology,

2008. FPT 2008. IEEE International Conference on2008.

Alexander (Sandy) Marquardt, Vaughn Betz, and JonathaRose. Using cluster-

based logic blocks and timing-driven packing to improve FP& speed and den-

76



Bibliography

sity. In FPGA '99: Proceedings of the 1999 ACM/SIGDA seventh intern#onal
symposium on Field programmable gate arraypages 37{46, New York, NY,
USA, 1999. ACM.

[39] Z. Marrakchi, H. Mrabet, and H. Mehrez. A new multilevelhierarchical MF-
PGA and its suitable con guration tools. In Emerging VLSI Technologies and
Architectures, 2006. IEEE Computer Society Annual Sympasmn on, volume 00,

page 6 pp., 2006.

[40] Larry McMurchie and Carl Ebeling. Path nder: a negotidion-based
performance-driven router for FPGAs. InFPGA '95: Proceedings of the 1995
ACM third international symposium on Field-programmable @te arrays pages

111{117, New York, NY, USA, 1995. ACM.

[41] Microelectronics Centre of North Carolina. Microel@mnics centre of north car-

olina benchmarks.Available at http://www.ncren.net/.

[42] J. Pistorius and M. Hutton. Placement Rent exponent callation methods,
temporaral behavior and FPGA architectural evaluation. InSLIP Workshop

pages 31{38, April 2003.

[43] Ellen M. Sentovich, Kanwar Jit Singh, Luciano LavagnoCho Moon, Rajeev
Murgai, Alexander Saldanha, Hamid Savoj, Paul R. Stephan, ébert K. Bray-
ton, and Alberto Sangiovanni-vincentelli. SIS: A system fosequential circuit

synthesis. 1992.

[44] A. Singh and M. Marek-Sadowska. E cient circuit clusteing for area and power
reduction in FPGAs. In Intl Symposium on FPGASs pages 59{66, February
2002.

77



Bibliography

[45] Alastair M. Smith, Steven J.E. Wilton, and Joydip Das. Wrelength model-
ing for homogeneous and heterogeneous FPGA architecturadwlopment. In
FPGA '09: Proceeding of the ACM/SIGDA international symposum on Field
programmable gate arrayspages 181{190, New York, NY, USA, 2009. ACM.

[46] Guenter Stenz. US patent 6957406 - Analytical placentemethods with mini-

mum preplaced componentsUS Patent Oct. 2005.

[47] P. Verplaetse, J. Dambre, D. Stroobandt, and J. Van Cangmhout. On parti-
tioning vs. placement Rent properties. INSLIP '01: Proceedings of the 2001 in-
ternational workshop on System-level interconnect pretimn, pages 33{40, New

York, NY, USA, 2001. ACM.

[48] P. Verplaetse, J. Van Campenhout, and D. Stroobandt. Osynthetic bench-
mark generation methodsCircuits and Systems, 2000. Proceedings. ISCAS 2000
Geneva. The 2000 IEEE International Symposium qrt:213{216 vol.4, 2000.

[49] Xiaojian Yang, Elaheh Bozorgzadeh, and Majid Sarrafdah. Wirelength esti-
mation based on Rent exponents of partitioning and placemenin Proc. Inter-

national Workshop on System-Level Interconnect Predictip pages 25{31, 2001.

[50] Payman Zarkesh-Ha, Je rey A. Davis, William Loh, and Janes D. Meindl. Pre-
diction of interconnect fan-out distribution using Rent'srule. In Proceedings of
the 2000 international workshop on System-level intercogat prediction, pages

107{112, New York, NY, USA, 2000. ACM.

78



Appendix A

Area Models

This appendix provides a detailed bottom-up description ofhe FPGA area model
applied in our model's example applications in Chapter 5. Bgnning at the lowest of
our three-leveled hierarchical model, the rst section ofttis Appendix provides the
schematics and assumptions at the transistor level. The sew section describes the
model in terms of basic components, such as SRAMs, multipkers, and bu ers. The
nal section describes the FPGA's inter- and intra-routing structures. Our model

was derived from the area model calculations found in VPR 5]36].

A.1 Transistor Level

As with VPR5.0's area model, our area model is built on coumg the number of
minimum-width transistor areas (MWTA) needed to implementan FPGA architec-
ture. A MWTA is simply the area of the smallest transistor pls the minimum
spacing to the right and below the transistor for a transistoto properly operate for
a given technology. By counting the number of MWTA rather tha the number of
sub-microns, our area estimation is process independent.

Transistors required to drive larger loads, for example lger routing wires, need
to be wider than the minimum-width to increase drive strendt. In these cases, tran-
sistors are implemented with parallel di usion regions. Gien the geometric layout

of the transistor, the size of the boosted drive strength trasistor a function of drive
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strength, as described by:

RequiredDriveStrength

MW T A (RequiredDriveStrength) = . = idth )
(RequiredDriveStrength) = 7 DriveStrength (MinimumW idth )

In the next section we implement our transistor level modela estimate the area

of basic FPGA components.

A.2 Basic Components

An FPGA is of 3 basic circuit components: SRAM, bu ers, and miliiplexers. In this

section we describe the assumptions used when creating thhesamodel for each.

A.2.1 SRAM

We assume the common six-transistor SRAM cell shown in FigaitA.1 in our model.
The total area of a SRAM cell is approximated as six minimalransistor widths.
Typically the latch transistors M, 4 are sized larger thanMs ¢ to increase propaga-
tion delay and minimize power consumption. Despite this facSRAM cells are the
most optimized cells in an FPGA and are designed using a rekx set of rules, and

therefore the assumption of six-minimum width transistorss reasonable.

A.2.2 Multiplexer

Multiplexers are the basic components for switches used imwigch blocks, connec-
tion blocks, and intra-cluster routing. At the transistor level, multiplexers are im-
plemented by a set of NMOS pass-transistors that, dependimmn the gate signals,

selects which one of many inputs as an output. Depending ongmumber of mul-
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Figure A.1: Six-transistor SRAM cell schematic

tiplexer inputs, one of two designs is applied. Multiplexer with four or less inputs
use a single-level design while those with more than four infs are realized with a
two-level design as shown in Figure A.2. Though additionakVels would minimize
the number of transistors and area needed to implement the rtiplexer, restricting

the design to a maximum of two levels reduces propagation dgl FPGA architects
trade-o size for speed when sizing the multiplexer's pagsansistors, but usually they
are sized in the range of 5-10 minimum-width transistors. Qunodel estimates the

number of needed minimal-width transistors to implement a mitiplexer as:

8
5IMux P assTransArea (Imux  4)
TransPerMux (I yu ) = S 0

(b Tmux C+ Imux) PassTransArea (Iyuw > 4)

, Wherel v is the number of multiplexer inputs.
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A.2.3 Buer

Long metal wires that make up routing wire segments are driveby large bu ers to
minimize propagation delay [32]. Bu ers consume a large ptoon of the overall FPGA
area [32]. We model bu ers as bu er chains with stage ratiosfet, as commonly used
in FPGA to minimize its contribution to area. We assume a PMOSo NMOS ratio of
1.9:1, a design that results in a switching threshold of 1.38. This ensures balanced
swing times for signals. The area of a single bu er is a funcin of drive strength,

and in terms of minimum-width transistors is:

Nun)@tages .
NumBufferTrans (DriveStrength) = (1 + 1:45 DriveStrength')

i=0

, whereNumStages= log,(DriveStregth).

A.3 Routing Structures

This section builds on the basic component model introduced the section before,
and estimates the area estimation of the top-level FPGA roirg structures. The
section is organized into two subsections summarizing imteand intra-routing struc-

tures. The next section concludes the appendix with a nal mael incorporating all

the previously presented components.

A.3.1 Inter-Cluster Routing

We assume a modern day unidirectional - single-driven rouatj architecture that is
described in Section 2.1 and is implemented on most commaeaitgproducts [24] [12].
The majority of routing area is comprised of programmable steh transistors. In this

architecture, programmable switches are deployed in twodations, within a switch
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block or connection block, as shown in Figure A.3. The follomng sub-sections present
a transistor area equation that estimates the number of totdransistors for each type

of routing block.

Figure A.3: Inter-cluster routing connections

Switch Block

Switch blocks are comprised of a number of individual switels that perform two
functions, connecting neighbouring logic block outputs tgurrounding routing fabric

and facilitating the extension and turning of local routingwires. Each switch is
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comprised of a SRAM controlled multiplexer with a bu ered odput that aggregates
the outputs of local logic blocks and switch block inputs ashewn in Figure A.4. By

this de nition, the average number of inputs to each of thesenultiplexer is

NumLogicBlockOutputs Feoyt |

. .
NumSwitchBlocklnputs = Fg+ 2 7 W

where the rst term accounts for the number of wire inputs to ach switch and

the second term is the number of logic block outputs connectdo the multiplexer.

I"H#$% AN > &SUHS

Figure A.4: Switch components

Since all routing wires are driven by a switch, the total numbr of switches in
a switch block is 2 W, one for each of the% W wires from the four neighbouring
channels. The total number of switches in an FPGA is approxiated as the number
of logic blocks in an FPGA, that isn, ny, ny and ny represents the number of logic
blocks in the horizontal and vertical direction respectiiy. Employing the multiplexer
and bu er approximations from the previous section the totatnumber of switch block

transistors per channel is
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NumSwitchBlockTrans = ChannelWidth
(NumBufferTrans (DriveStrength)

+ NumMultiplexerTrans (NumSwitchBlockInputs ))

Connection Block

Connections from routing wires to logic block inputs are maalvia switches within a
connection block. As in the switch block, each of these swiites are made of an output-
bu ered multiplexer. Of the ChanelWidth number of channel wires, the multiplexer
connectsf ¢, to each logic block input. Applying the bu er and multiplexer equations
from the previous sections, the total number of connectiondick transistors per cluster

is

NumConnectionBlockTrans = | (NumBufferTrans (DriveStrength)

+ NumMultiplexerTrans (fc)):

In the applications in Chapter 5, we assumed that the bu ersdr both connection
and switch block switches are 4x minimum drive strength to beonsistent with the

value applied in VPR 5.0, and in terms of area and delay this ia reasonable choice

in sizing [31].
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A.3.2 Intra-Cluster Routing

In a fully connected cluster, as assumed in this work, the maijity of the routing area
is implemented in a cluster's multiplexers. These multipbeers act as switches, mainly
connecting thel cluster inputs andN logic block outputs to the inputs of each logic
block, as shown in A.5. Our intra-cluster routing area modek based on the number
of multiplexer transistors needed in a cluster. We began whitthe single level case
and expanded upon to apply to multi-level clusters.

For a single-level cluster, a cluster's routing area is

SingleLevelRoutingArea = N K NumMultiplexerTrans (I + N)

since there areN number of BLES, each withK inputs that are driven by a single

multiplexer that aggregates thel cluster inputs andN BLE outputs.
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Figure A.5: Intra-cluster routing
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A.4 Complete Area Model

In this nal section, we complete our overall FPGA area modeby implementing a

tile approach similar to [21] to estimate the number of basicomponents in the whole
FPGA. In an island style FPGA, as we assumed in this work, a & is de ned as the
composition of a cluster and the inter-cluster routing resoces of two local channels,
as shown in Figure A.6. The number of minimum-width transisir required for each

tile is estimated as:

Figure A.6: A tile composed of a cluster and its two local roing channels

TotalTileArea = NumConnectionBlockTrans + 2 NumSwitchBlockT rans
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The nal step in our model's derivation is summing the numberof transistors for

each tile. This can be expressed as:

TotalF P GAArea = e x TotalTileArea = x y TotalTileArea,
x=1 y=1
where we approximate the total number of logic block inputssan, ny, the total
number of logic blocks multiplied by the number of inputs petogic block.
Also, we assumed a square layout and de neal,, = n, = ny, as the number of
logic blocks in any direction. Applying our logic block appoximation from Chapter

4,ny = dIO

ne, where n is the estimated number of post clustering logic ltks.
The work presented here is only a starting point in our group' research towards
an accurate area model. Though there is still much to improyehe results from

Chapter 5 shows this is a quality model to build upon.

89



