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Abstract

This paper describesa novel Field Programmable Gate Arra y (FPGA) logic synthesis tech-

nique which determines if a logic function can be implemented in a given programmable circuit

and describes how this problem can be formalized and solved using Quanti�ed Boolean Sat-

is�abilit y. This technique is general enough to be applied to any type of logic function and

programmable circuit; thus, it has many applications to FPGAs. The application demonstrated

in this paper is FPGA PLB evaluation where the results show that this tool allows radical new

features of FPGA logic blocks to be evaluated in a rigorous scienti�c way.
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1 In tro duction

FPGAs are integrated circuits characterized by a regular array of clustered programmable logic

blocks (PLBs) connected together by programmable interconnects as shown in Fig. 1. The tile

shown in the �gure can be thought as the basicbuilding block of an FPGA and includes onecluster

of PLBs along with the associated routing for that cluster. Clustering PLBs into regular groups has

proven to improve the performanceof FPGAs both in terms of area and speed[1].

An example of a PLB is shown in Fig. 2. The logic block is composed of a 4-input lookup

table (4-LUT) that is capableof implementing any arbitrary Boolean function of 4 variables. The

LUT is implemented with a set of 24 = 16 static RAM (SRAM) bits that are programmed with the

truth-table values for the function to be implemented. In general, many modern PLBs are based

on the k-input lookup table (k-LUT) which contains 2k SRAM bits. Although the k-input LUT

is very 
exible, it is usually bene�cial to add dedicated non-programmable logic to the PLB such

as adders and XOR/ AND-gates [2, 3]. These features increasethe number of functions that can be

implemented by a PLB without the power, speed, and area costs associated with programmable

logic. However, becausethis reducesthe 
exibilit y of the PLB, optimal mapping of functions to

thesenon-programmablecomponents is di�cult.

1.1 CAD for FPGAs

Fig. 3 depicts a simpli�ed FPGA CAD 
o w. The input to the CAD 
o w is a circuit description,

which is typically given with a schematic or a hardware description language (HDL). From this

point, synthesisoperations are performed, such as �nite state machine extraction and implementing

HDL operators (such as +). The circuit representation is converted into a netlist of basic logic

gates. Technology independent optimizations then try to minimize the netlist area and/or optimize
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the speed-performance. Technology mapping follows and attempts to convert the gate level netlist

into a netlist of PLBs.

Clustering is a netlist partitioning step that identi�es highly connected groups of PLBs. The

placement step then assignsthese groups to speci�c locations on the device. After placement, the

routing step assignswire segments and routing switches to implement all PLB-PLB connectionsin

the netlist. Finally, the software createsa con�guration bitstream usedfor programming the target

devicewith the required con�guration bits.

1.2 Motiv ation

The cost of implementing a circuit in an FPGA is directly proportional to the number of PLBs

required to implement the functionalit y of the circuit. FPGAs are sold in a number of pre-fabricated

sizes.Decreasingthe number of PLBs may allow a circuit to be realized in a smaller FPGA. Typical

pricing is roughly linear to the number of PLBs in the FPGA device [4].

The PLB architecture has a signi�can t impact on the number of PLBs required to realize a

particular circuit. Thus, clever PLB designsare necessarythat capture the majorit y of the functions

encountered in typical circuits. In this paper wewill show how methods basedon Quanti�ed Boolean

Satis�abilit y (QSAT) can be used to rapidly determine if a PLB architecture will achieve a high

capture rate. We also show how to convert this problem into a simpler form and solve it using

Boolean Satis�abilit y (SAT).
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2 Background

2.1 Technology Mapping

The technology mapping step in the FPGA CAD 
o w converts a gate-level network consisting of

primitiv e gates into the PLBs that are present in the target FPGA architecture. The goal of the

technology mapping step is to reducearea, delay, or a combination thereof in the network of PLBs

that is produced. In this work, delay is proportional to the depth of a circuit where the depth of a

node is de�ned asthe longestpath from the node to a primary input. A primary input is any node in

a circuit with no fanin such as an input pin. The dual to this is a primary output which is any node

in a circuit with no fanouts such as an output pin. Previous work showed that the depth-optimal

mapping solution can be obtained in polynomial time using a dynamic programming procedure[5].

The processof technology mapping is often treated asa covering problem. For example,consider

the processof mapping a circuit into LUTs as illustrated in Fig. 4. Fig. 4a illustrates the initial gate

level network, Fig. 4b illustrates a possiblecovering of the initial network using 4-LUTs, and Fig. 4c

illustrates the LUT network produced by the covering. In the mapping given, the gate labeled x

is covered by both LUTs and is said to be duplicated. In a duplication-free mapping, each gate

in the initial circuit is covered by a single LUT in the mapped circuit [6]. However, surprisingly,

the controlled use of duplication can lead to further area savings [7]. In contrast to the depth

minimization problem, the area minimization problem was shown to be NP-hard for LUTs of size

four and greater [8]. Thus, heuristics are necessaryto solve the area minimization problem.

Another way to look at technology mapping is as a cone selection problem. The subcircuits

circled in Fig. 4b are examplesof cones. Technology mapping seeksto �nd the best set of cones

that can be mapped to the current PLB architecture. \Best" is determined by the optimizing goal
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such as area, speed,or power. If the FPGA architecture consistssolely of K -LUTs, mapping from

conesto K -LUTs is a direct processsinceany conewith K -inputs or lesscan be implemented in a

K -LUT. A conewith K -inputs or lessis known to be K -feasible. Thus, to technology map circuits

to K -LUTs, the circuit simply has to be decomposed into a set of K -feasible cones. However, if

the FPGA architecture consists of generic K -input PLBs, mapping from conesto PLBs is much

more di�cult sincePLBs cannot implement all possibleK -feasiblecones.For example, the PLB in

Fig. 5 cannot implement a 3-input ORgate. Thus, to technology map to generic PLBs, one must

discard all K -feasibleconeswhich cannot map into the given PLB architecture. We will show how

we successfullyuseQSAT to accomplish this in later sections.

Although more limited in functionalit y, PLBs o�er speed,area, and power advantagesover fully

programmableK -LUTs. Furthermore, in generalonly a small subsetof K -feasibleconeswill appear

in most logic circuits. Thus, so long asa given PLB architecture capturesmost conesencountered in

real circuits, it will be successfulin implementing circuits. One way to determine a PLB's capture

successis to extract a set of K -feasibleconesfrom benchmark circuits and determine how many of

these conescan �t into a given PLB where a high �t percentage is desired. Furthermore, resource

usageis necessaryto determine if the non-programmable components of a K -input PLB will add

minimal overheadto the overall FPGA. We present two tools in this paper that do both thesetasks.

2.2 Quan ti�ed Bo olean Satis�abilit y

As stated in Sec. 1, the main contribution of this work is to examine the use of QSAT for use

in PLB evaluation. QSAT is the problem of determining if a quanti�ed Boolean formula (QBF),

F = Q1x1:::Qn xn f (x1:::xn ) where Qi 2 f9 ; 8g, has an assignment to its variables, x1:::xn , such

that F evaluates to true. If so, F is said to be satis�able, otherwise it is unsatis�able. This is
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analogousto the much simpler problem of Boolean Satis�abilit y (SAT) where SAT seeksa single

assignment to a Boolean formula F such that F evaluates to true. Interestingly, SAT is a special

caseof QSAT where SAT dealswith Boolean formulae without any universal quanti�ers (variables

in Boolean formulae without any quanti�ers implicitly have a single existential quanti�er bound to

them). QSAT, however, may have universally quanti�ed variables, and thus seeksall assignments to

its universally quanti�ed variablesto satisfy a QBF. For example,considerthe expressionsin Equ. 1.

The �rst expressionshows a satis�able Booleanformula with its associated satisfying assignment. In

contrast, simply by adding quanti�ers to it, the QBF shown in the secondexpressionis unsatis�able

due to the universally quanti�ed variable x2.

(x1 + x2) � (x1 + x2)

satis�able ! [x1 = 0; x2 = 1]

9x18x2 (x1 + x2) � (x1 + x2)

unsatis�able ! [x1 = 0; x2 = f 0; 1g]

unsatis�able ! [x1 = 1; x2 = f 0; 1g]

(1)

For all practical purposes,QSAT only deals with QBFs in Conjunctive-Normal-Form (CNF,

sometimesreferred as a Product-of-Sums). A Boolean function is in CNF if it consists solely of

a conjunction of clauses,where a clauseis a disjunction of literals and a literal is any variable or

its complement. Equ. 1 are examplesof formulae in CNF. In CNF, the problem of QSAT can be

rephrasedto: Given a QBF, F = Q1x1:::Qn xn f (x1:::xn ) where Qi 2 f9 ; 8g, �nd an assignment to

its variables, x1:::xn , such that each clause in f (x1:::xn ) has at least one literal that evaluates to

true.
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3 Quan ti�ed SAT Applied to PLB Evaluation

The goal of PLB evaluation is to determine how useful a new PLB architecture will be in implement-

ing circuits. Thesemeasuresare often in terms of area,speed,and power. When evaluating area, the

PLB 
exibilit y is a concern. Sincea k-input PLB consist of non-programmablecomponents, it loses


exibilit y in terms of what functions it can implement. Thus, the non-programmablecomponents in

the PLB will not always be usedthereby having an area overhead. However, so long as the PLB is


exible enoughto implement most functions, the areaoverheadwill be minimized. A 
exible k-input

PLB can be characterized by how many k-input conescan �t into it where a high �t percentage is

desired. The underlying question asked when determining this �t percentage is as follows: Given an

n-variable Booleanfunction, Ff unction (x1; x2; :::; xn ), doesthere exist a programmablecon�guration

to a circuit, G, such that the output of the circuit will equal Ff unction (x1; x2; :::; xn ) for all inputs?

Previously, robust heuristics to answer this question fell into two categories: a specialized PLB is

proposed and a customized mapping algorithm is implemented to map benchmark circuits using

the proposedelement [9]; specialized Boolean-matching techniques are developed to decomposea

logic function in such a way so that it matches the structure of the proposedPLB [10]. Both of

thesetechniquesrequire a speci�c logic manipulation technique for each PLB which su�ers a lack of

generality. In our technique, however, a much more generalapproach is taken using a novel QSAT

basedapproach.

3.1 Formalizing Function Fitting Problem

Assumingthat a programmablecircuit canberepresented asa Booleanfunction Gcir cuit = G(x1::xn ; L 1::L m ; z1::zo)

where x i ; L j ; zk ; Gcir cuit represent the input signals,con�guration bits, intermediate circuit signals,

and output function of the circuit respectively, the problem of function mapping into programmable
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logic can represented formally as a QBF as follows.

9L 1:::L m 8x1:::xn 9z1:::zo(Gcir cuit � Ff unction ) (2)

A satisfying assignment to Equ. 2 implies that Ff unction can be realizedin the programmablecircuit.

In order to derive Equ. 2, the proposition (Gcir cuit � Ff unction ) must be represented as a CNF

Boolean formula. This can be done using a well known derivation technique that converts logic

circuits into a characteristic function in CNF [11]. This characteristic function describes all valid

inputs, output, con�guration bits, and internal signal vectors for the con�gurable circuit. For ex-

ample, consider the truth-table in Fig. 6. Its onset describes all input-output relations of an AND

gate. To extract the characteristic function, FAND , from the truth-table, any standard minimization

technique can be used.

Deriving characteristic functions directly from the circuit input-output relation is only practical

for primitiv e gatesand logic blocks where the number of inputs and outputs is small. Fortunately,

characteristic functions for larger circuits can be derived iterativ ely from the conjunction of its

subcircuit characteristic functions. For example,considerthe cascadedgatesshown in Fig. 6. Notice

the wire connectingthe two gatesis labeledwith variable Z for CNF construction. The characteristic

function of the cascadedcircuit is simply the conjunction of the two ANDgate characteristic functions

with variable Z asthe logical link betweenthe two functions. The characteristic function, FCASCADE

evaluates to true if all wire signalsare consistent. This includes the primary inputs and outputs as

in FAND , plus any intermediate wire signals(i.e. Z ).

The previousconversiontechnique for the cascadedANDstructure can be extendedto much larger

circuits such as PLBs. This createsa characteristic function, 	, dependent on variables x1; :::; xn ,
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L 1; :::; L m , z1; :::; zo, and G which represent the inputs, programmable bits, intermediate wires, and

output of the circuit respectively. Thus, the proposition (Gcir cuit � Ff unction ) can be formed by

substituting all instances of the output variable G in 	 by the expressionrepresenting Ff unction .

This is shown in Equ. 3 where the notation [G=F(x1; :::; xn )] indicates that all instancesof G have

been replaced by F (x1; :::xn ). Sections following this will use similar notation to represent the

substitution operation.

[Gcir cuit � Ff unction ] � 	 [G=F(x1; :::; xn )]

� 9L 1:::L m 8x1:::xn 9z1:::zo [G=F(x1; :::; xn )]

(3)

3.2 Remo ving Quan ti�ed Variables

Although QSAT solvershave shown initial promising results, it is often still faster to solve a QBF by

removing the universalquanti�ers and converting it to a SAT problem [12]. Removing the universal

quanti�ers eliminates the needto �nd multiple SAT instancesfor all universally quanti�ed variable

assignments, thus saving time; however, in doing so, the size of the Boolean formula increases

substantially . To remove the universal quanti�ers in a QBF, F , its proposition, f , is replicated to

explicitly enumerate all possibleassignments of the universally quanti�ed variables. Thesereplicated

formulae are then conjoined with the logical ANDoperator to form a Boolean function that can be

solved with SAT. In our work, we choseto remove the universal quanti�ers sinceit proved faster to

useSAT for most of the PLBs we evaluated.

In order to give better understanding to the previously described ideas, an example is given.

Assumethat a 3-input function F needsto be implemented in the PLB shown previously in Fig. 5.

In the following steps,F represents the function of the cone under consideration for mapping, X �

represents input vector x1x2x3 = i , and Fi = F (X � ).
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Step 1: Create CNF for individual elements in programmable circuit.

GLU T = (x1 + x2 + L 1 + z1) � (x1 + x2 + L 1 + z1)�

(x1 + x2 + L 2 + z1) � (x1 + x2 + L 2 + z1)�

(x1 + x2 + L 3 + z1) � (x1 + x2 + L 3 + z1)�

(x1 + x2 + L 4 + z1) � (x1 + x2 + L 4 + z1)

(4)

GM U X = (L 5 + x3 + z2) � (L 5 + x3 + z2) � (L 5 + z2) (5)

GAN D = (z1 + G) � (z2 + G) � (z1 + z2 + G) (6)

Step 2: Formulate the programmable circuit CNF from equations 4, 5, and 6.

Gcir cuit = GLU T � GM U X � GAN D (7)

Step 3: Replication of equation 7 to remove quanti�ed variables. This formulates GT otal where a satis�able

assignment to GT otal implies F can be realized in the programmable circuit.
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GT otal = Gcir cuit [ � =� 0 ; G=F0 ; z1=z3 ; z2=z4 ]�

Gcir cuit [ � =� 1 ; G=F1 ; z1=z5 ; z2=z6 ]�

Gcir cuit [ � =� 2 ; G=F2 ; z1=z7 ; z2=z8 ]�

Gcir cuit [ � =� 3 ; G=F3 ; z1=z9 ; z2=z10 ]�

Gcir cuit [ � =� 4 ; G=F4 ; z1=z11 ; z2=z12 ]�

Gcir cuit [ � =� 5 ; G=F5 ; z1=z13 ; z2=z14 ]�

Gcir cuit [ � =� 6 ; G=F6 ; z1=z15 ; z2=z16 ]�

Gcir cuit [ � =� 7 ; G=F7 ; z1=z17 ; z2=z18 ]

(8)

Note that in equation 8, the con�guration bits are represented by the samevariables (L 1� 5) in

each Gcir cuit (X � ; f i ) instance, where as all other signalsare unique variables in each instance. This

ensuresthat only one con�guration will exist for all entries of the truth table.

In the previous example, the pins on the programmable circuit in Fig. 5 are not permutable.

Given the labeling convention in Fig. 5, the function F = (x1 + x2) � x3 can be implemented;

however, the function F = (x1 + x3) � x2 cannot. There is no needfor restricting the labeling of the

input pins in this manner becausemost programmablecircuits are able to route signalsto any input

pins. In order to model this 
exibilit y, virtual multiplexers controlled by virtual con�guration bits,

Vp, are addedat each input pin of the programmablecircuit. Going back to the circuit shown in the

last example,Fig. 7 illustrates the previous circuit with virtual multiplexers addedat the input pins.

Thus, if F = (x1 + x3) � x2 is to be mapped into this network then the virtual multiplexers would

force x1 and x3 onto the �rst two pins of the circuit and x2 to the third pin feedingthe ANDgate to
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generatea satis�able solution. In order to add the virtual multiplexers to the previous example, the

virtual multiplexer characteristic functions need to be added in Step 1, then the processproceeds

normally as previously shown.

3.3 Application to PLB Evaluation

In the previous section we showed how to derive a generalfunction mapping technique using QSAT.

We will show how we usethis to evaluate PLB architectures through two tools as follows.

3.3.1 PLB Fit Percen tage

The following shows a high-level overview of our PLB �t percentage algorithm. As stated previously,

PLBs that can capture the functionalit y of most conesfound in real circuits are desiredsince their

non-programmablecomponents will not be wasted. In order to help �nd such PLBs, our tool can be

usedto return a PLB cone�t percentage wherea high �t percentage is preferred. This �t percentage

is found by extracting a set of conesfrom a list of circuits, then applying our QSAT decision step

to remove conesthat do not �t in the given architecture as shown in lines 1 and 2 of the following

algorithm. By recording the number of conesgeneratedand discared, a �t percentage for various

PLB architectures can be found.

1 jX j  Genera teCones ()

2 jY j  RemoveNoFitCones ()

3 F itP ercent  (jX j � jY j)=jX j

A version of the algorithm described in [7] is used to generateand store all K -feasibleconesin

the graph. The K -feasibleconesare generatedas the graph is traversedin topological order from

primary inputs to primary outputs. At every internal node v, new conesare generatedby combining

the conesat the input nodes.
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This tool cannot be usedto fully evaluate area usage.However, �t percentage provides insights

into the components that may be bene�cial in a PLB. To obtain a more comprehensive evaluation

of area, oneshould evaluate the PLB usageneededto implement a set of benchmark circuits. Using

this in conjunction with an area model for the PLB, a full picture of area usagecan be found.

Unfortunately , obtaining the PLB usagefor circuits requires custom decomposition techniques for

technology mapping to the PLB architecture. We overcome this obstacle by incorporating our

function mapping technique into a K -LUT technology mapper to form a general K -input PLB

mapper.

3.3.2 Technology Mapping Using QSA T

Our function mapping technique allowsus to convert any K -LUT technology mapper into a K -input

PLB technology mapper. As stated in Section 2.1, technology mapping to LUTs can be thought

as a covering problem. The same is true for K -input PLBs; however, becausea K -input PLB is

not fully programmable, not all K -input conescan �t into the PLB. Thus, when generating cones

during the technology mapping phase,conesthat do not �t into the given PLB should be discarded.

This will leave a set of coneswhich are guaranteed to �t into the PLB architecture.

1 Genera teCones ()
2 RemoveNoFitCones ()
3 for i  1 upto MaxI
4 Tra verseFwd ()
5 Tra verseBwd ()
6 end for
7 ConesToPLBs ()

We base our work on IMap [13], an iterativ e K -LUT technology mapping algorithm. For a

detailed description of IMap pleaserefer to [13], which shows that IMap producesamongst the best
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area results of any known technology mapper. The basic framework for our technology mapper is

presented in the previous algorithm. First, a call to Genera teCones generatesa subset of most

K -feasibleconesfor each node in the graph, where K is the input size of the PLB. Next, a call to

RemoveNoFitCones discards all conesthat cannot �t into the PLB architecture. This decision

processusesQSAT as described in the Sec. 3.1. Once a set of valid cones is found, a seriesof

forward and backward graph traversalsis started to select the best cover of the graph. The cost of

the cover is measuredin terms of area and depth. The forward traversal, Tra verseFwd , selects

a cone for each node, and the backward traversal, Tra verseBwd , selectsa set of conesto cover

the graph. Iteration is bene�cial becauseevery backward traversal in
uences the behavior of the

forward traversal that follows it.

During the forward traversal, the algorithm updates the depth and the area 
o w for every node

and edgeencountered. Area 
o w is a heuristic for estimating the areaof the mapping solution below

a node or an edgewhere minimizing it leads to smaller mapping solutions [13]. At each internal

node v, a conerooted at v is selectedto cover v and someof its predecessorsin a mapping solution.

The quality of the mapping solution is determined by the selection procedure and thus the set of

conesselected.

During depth-oriented mapping, on the �rst mapping iteration, the conewith the lowest depth is

selected.Depth is often correlated with delay of the circuit, thus minimizing the depth of the circuit

often leads to a faster circuit after technology mapping. The �rst forward traversal establishesthe

optimal mapping depth, ODepth, which can then be used in subsequent iterations to bound the

depth of conesselectedat every node. Using the optimal depth and the height of a node v, a bound
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can be de�ned on the depth of a coneCv as follows

depth(Cv ) � ODepth � height(v): (9)

The height of a node or cone is de�ned as the longest path from that node or cone to a primary

output of the circuit. Conesthat meet the bound requirement are preferredand amonga set of cones

that meet the bound requirement, coneswith lower area 
o ws are selected. This selectionstrategy

ensuresthat the mapping solutions will still achieve the optimal depth selectedwhile minimizing

area.

During the backward traversal, internal nodesof the graph are visited in the reversetopological

where a cover of conesis produced. During this traversal, the height(v) of all internal nodes are

updated to the height of the cone covering it. This is for use in Equation 9 in the next forward

traversal. If v is found in several cones,the largest height is used.

Finally, a call to ConesToPLBs converts the conesselectedby the �nal backward traversal into

PLBs.

3.3.3 Generating k-Feasible Cones

A version of the algorithm described in [7] is used to generate and store all K -feasible conesin

the graph. The K -feasibleconesare generatedas the graph is traversedin topological order from

primary inputs to primary outputs. At every internal node v, new conesare generatedby combining

the conesat the input nodes. In contrast to the original IMap algorithm which combined the cones

in every possibleway, in our work, the cone generation algorithm combines conesif they have no

more (k+ e) inputs in total. As long ase wasset to a su�cien tly high number (2 in the experiments),

this heuristic sped up the conegenerationprocesswithout signi�can tly impacting the quality of the
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mapping solution.

4 Results

4.1 Validat y of Technique

To validate our evaluation process,we �rst evaluated a wide range of PLBs to show the generality

of our technique. Secondly, we usedour technology mapping algorithm to evaluate a very successful

commercialFPGA architecture to seeif our results are consistent with what is reported in industrial

literature [14].

4.2 Evaluation of Various PLBs

To show the power of the PLB evaluation algorithm, several unrelated PLB architectures were

evaluated. Fig. 8 shows the �v e di�eren t PLB architectures usedfor evaluation.

Circuit a b c d e
5-input 5-input 8-input 9-input 9-input

C2670 27.9 1.59 41.8 0.00 0.00
ex5p 91.4 0.00 49.7 0.00 0.00
clma 61.5 0.00 40.5 1.29 1.29
dalu 78.2 0.00 38.5 0.00 0.00
des 12.2 0.00 72.6 0.00 0.00
i9 87.4 0.00 18.8 0.00 0.00
x3 21.5 0.00 38.9 20.2 20.1
f51m 21.7 0.00 18.0 0.00 0.00
misex3 70.2 0.00 45.4 11.8 12.9
mm30a 20.8 0.00 0.20 0.00 0.00
mult16b 2.91 0.00 0.001 0.00 0.00
% Fit 46.0 0.151 36.4 3.34 3.44

Table 1: PLB �t results.
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To evaluate the versatilit y of each PLB, a set of coneswereextracted from a list of circuits taken

from the MCNC benchmark suite [15] (approximately 1000K -input conesper circuit, where K was

the input sizeof the PLB). Theseconeswere tested for PLB �tting using the Cha� [16] SAT solver.

The circuits usedwere unrelated to generatea large set of dissimilar cones.Table 1 shows the PLB

�t percentage of conesper circuit. The last row shows the total percentage of all conesthat �t.

Note that the cone �t percentage varies wildly for all PLBs depending on the circuit. This shows

that PLB usefulnessis dependent on the application of the circuit. Interestingly, PLB (b) failed for

all circuits except the ALU circuit (C2670). A reasonfor this is becausePLB (b) usesan XORgate

and XORgatesare very rare in most control circuits and are generally usedfor arithmetic logic.

Also, PLB (e) was only able to �t 9-input conesfor a few circuits. This was expected since

it is a simpli�ed version of a commercial PLB primarily used to implement 5-input functions or

a 4:1 MUX, and is rarely used as a general 9-input function generator [17]. Thus, in addition to

generating 9-input functions for the PLB (e), 6, 7, and 8-input functions were evaluated to get a

broader picture of the PLB's 
exibilit y. This is shown in Table 2. As the numbers show, this PLB

looks much more useful when adding a wider range of functions.

As a secondpart of the evaluation, we want to give a full area estimate on the area overhead

associated with a given PLB. For our experiments, we will focuson PLB(a). The 5-input function �t

percentage for that PLB is quite high, but the area overheadincurred by the AND-gate is uncertain.

The AND-gatecon�guration in PLB (a) is very commonin commercialPLBs [14]. The claimedbene�t

of adding an AND-gate is it allows one to chain PLBs together to createan extremely fast network of

PLBs [14] with insigni�can t area overhead. Most FPGA companiesaccomplish this by restricting

the routing into the AND-gate to adjacent PLBs as shown in Fig. 9. This prevents conditions such

1no functions larger than 7-inputs could be found in this circuit
2no 8-input functions could be found for this circuit
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Circuit 6-input 7-input 8-input
C2670 1.00 0.00 0.00
ex5p 7.07 1.02 2.10
clma 8.62 5.13 2.24
dalu 6.77 1.45 0.00
des 0.00 0.00 0.00
i9 2.20 0.34 0.00
x3 28.3 25.2 17.7
f51m 38.7 11.5 0.10
misex3 16.7 15.7 13.8
mm30a 13.1 3.35 2.84
mult16b 0.00 0.00 0.002

Total % Fit 14.7 6.41 3.50

Table 2: The percentage of conesthat �t into Fig. 8(e).

as the AND-gate being fed by IO-pins.

To model the ANDbasedPLB, we construct a PLB similar to what is shown in Fig. 10 (registers,

SRAM bits, and other details common to a 4-LUT based architecture have been ommitted for

simplicit y). The architecture we are assuming is a clustered island style FPGA with 60 routing

tracks per channel. Each cluster consistsof 10 PLBs, 22 inputs feedingeach cluster, 1 clock input,

and 75%of cluster inputs routable to any given PLB input (de-populated [18]). The depopulation of

inter and intra-cluster inputs have beenshown to improve area substantially while having minimal

e�ect on timing and routing in the FPGA [18]. Since FPGA area is known to be dominated by

transistor area, we useminimum-width transistors as our area metric [19]. Using the characteristics

derived previously, we obtain the minimum-width transistor usagefor a cluster of PLB(a). We also

usedVPR [19] to derive the minimum-width transistor usageof an entire tile. Using both of these

metrics, we comparedagainst a 4-LUT basedarchitecture as shown in Table 4.2. (counts have been

derived from [19]). The row labeled ratio is the ratio of the minimum-width transistor count of

PLB(a) against the 4-LUT. As Table 4.2 show, there is about 3% area overheadper cluster and 1%
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area overheadper tile with adding a cascadedAND-gate as illustrated in Fig. 10.

PLB(a) 4-LUT
cluster count 6743 6523

ratio 1.03
tile count 24597.5 24377.5

ratio 1.01

Table 3: Minim um-width transistor count comparisons.

Finally, to evaluate the e�ect of PLB(a) on depth and area, we technology mapped a large set

of MCNC benchmark circuits using our SAT based technology mapper and compared the PLB

resourceusageagainst a 4-LUT based architecture. The results are shown in Table 4. Column

'Area' indicates the PLB(a) or 4-LUT usageneededto implement the associated circuit and column

'Depth' indicates the depth of the technology mapped circuit, where each edgeis given a length of

1. The 'Total' row indicates the summation of the depths and area numbers, and the 'Ratio' is the

ratio of the total numbers when compared against the PLB(a) column. The results clearly show

that adding an AND-gate to the PLB reducesthe depth and area of the circuit. Using the claim that

the cascadebasedrouting structure of PLB(a) is much faster than a general routing channel [14],

combined with the reduceddepth valuesshown in Table 4, circuits implemented with PLB(a) should

perform faster than a simple 4-LUT architecture. Furthermore, becausethe area overhead of the

transistors show lessthan a 1% increaseand the averagereduction in PLB count is larger than 1%

(7.9%), we expect no areaoverheadassociated with adding a cascadeAND-gate. Thus, the claim that

an AND-gate has insigni�can t area overhead is consistent with our �ndings using our general PLB

technology mapper.
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PLB(a) 4-LUT
Circuit Area Depth Area Depth
alu4 1003 7 1045 7
apex2 1173 8 1236 8
apex4 997 7 1131 6
bigkey 1145 4 1586 3
C6288 814 24 1023 26
clma 4689 15 5032 14
des 1128 6 1239 6
diffeq 904 13 1025 12
dsip 1367 4 1144 4
elliptic 2094 16 2239 16
ex1010 2180 8 2639 8
ex5p 983 6 991 7
frisc 2275 21 2397 21
i10 811 14 914 15
misex3 1117 6 1115 7
pdc 1829 10 2180 10
s38417 4228 10 4296 10
s38584.1 3963 10 4124 11
seq 1102 6 1120 7
spla 1271 8 1380 8
Total 35073 203 37856 206
Ratio 1.000 1.000 1.079 1.015

Table 4: Comparing PLB(a) area and depth numbers against a 4-LUT architecture.
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4.3 Running Time

For PLBs of input size 6 or less, there was a negligable e�ect of using SAT during technology

mapping where the evaluation time for each conewas under 1 milisecond. However, oncethe PLBs

grew beyond 6-inputs, the SAT running time increasedsigni�can tly , particularly when the conesdid

not �t into the given PLB. For illustration, we fount the averagerunning time of 50 instancesof

attempting to �t an 8-input function into the 9-input PLB shown in Fig. 8(e) when running on a

Sunblade 150 with 1.5 GB of RAM. For instanceswhen the 8-input function could �t PLB(e), the

problem took an averagerunning time of 12.3secondswhile the no �t casestook an averagerunning

time of 35.3 seconds.

The dramatic di�erence in running time betweenPLBs with 6 or lessinputs and PLBs with more

than 6 inputs can be attributed to the exponential relationship in the SAT CNF expressionsizewith

respect to the number of inputs due to the replication processto remove universal quanti�ers as

described in Sec.3.2. Fortunately, there hasbeensomepromising numbers from new QSAT solvers,

thus the replication processto remove universal quanti�ers from our original QBF expressionmay

not be necessary. In particular, the QBF solver known as Quantor [20] was very successfulin

solving somehard PLB �t instancesas shown in Table 5. The QSAT-Quantor column shows the

Quantor QSAT solver running time in secondswhen attempting the �t various functions of k-inputs.

Speci�cally , the 7-input shows results for when attempting to �t a 7-input function into a 7-input

PLB and the 8-input shows results for when attempting to �t an 8-input function into an 8-input

PLB; the SAT-Cha� column shows the running time in secondswhen attempting to solve the same

problem, but �rst removing quanti�ers and solving the problem with the Cha� SAT solver. As

Table 5 show, for small functions of less than 6-inputs, the di�erence between the Quantor and

Cha� is negligable,however, Quantor clearly show bene�ts for the larger �t instanceswith 7-inputs

21



PLB size QSAT-Quantor (sec) SAT-Cha� (sec)
< 6-input � 0.01 � 0.01

7-input 7.12 334
8-input 1.86 60.2

Table 5: Comparison of using the Quantor QBF solver v.s. removing quanti�ers on the QBF and
using Cha�.

or more. These gains were speci�c to the Quantor QBF solver, and was not seenon some other

popular QBF solverssuch asQua�e [21]. Quantor usesa similar replication processto our approach

in order to remove universal quanti�ers. However, unlike our approach, Quantor applies advanced

optimizations to the replicated CNF before solving the QBF. Theseoptimizations are suspected to

causethe performancegains seenby Quantor.

5 Conclusion and Future Work

This work represents only the �rst step in using QSAT in FPGA CAD tools. Our research will

progressto speed up the function mapping solver. We hope to use the Quantor QSAT solver in

our PLB evaluation process. Initial numbers suggestthat for large PLBs with 7-inputs or more, a

dramatic speedupis expected.

Dramatic speedupsin the running time for the function mapping problem will de�nitely open

new avenuesfor our function mapping technique such as resynthesis. Furthermore, by �nding more

applications for QSAT, we hope this will help drive research for more sophisticated QSAT solvers.
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Figure 1: A generic island-style FPGA.
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Figure 2: A simpli�ed FPGA PLB.

26



Circuit�Description

High�Level�Synthesis

Technology�Independent
Logic�Optimizations

Technology�Mapping

Clustering

Placement

Routing

Bitstream�Assembly

Figure 3: FPGA CAD Flow.

�

�����

� �

�

�����

� �

�����

� �

%�& ')(+* %�& ',(+*

(a) Initial Netlist (b) Possible Covering (c) LUT Mapping

Figure 4: Technology mapping as a covering problem.
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Figure 6: Deriving a circuit characteristic function.
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28



-�. /�021

(a)

354 6�728

(b)

9!: ;=<?>

9!: ;=<?>

(c)

@BA,CBDFE

@BA,CBDFE

(d)

GBH,IBJFK

GBH,IBJFK

(e)

Figure 8: PLB architectures.
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Figure 10: Simpli�ed model of cascadeAND-gate PLB.
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