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ABSTRACT

PRODUCT TERM MODE EMBEDDED MEMORY
ARRAYS: ALGORITHMS AND ARCHITECTURES

Field-Programmable Gate Arrays (FPGAs) are integrated circuits that can be
programmed to implement virtually any digital circuit. Due to the ease with
which a user can implement a circuit, FPGAs have become a low-cost, fast-
turnaround time alternative to more traditional implementation technologies
such as mask-programmed gate arrays and application-specific integrated
circuits (ASICs). However, one of the major pitfalls of FPGAs is the area and
speed penalty inherent in the technology. In order to help “bridge the gap”
between FPGAs and ASICs, intelligent computer-aided design (CAD) tools
that use the FPGA as efficiently as possible are needed. In this thesis, we focus
on mapping logic to the on-chip memory arrays. In particular, our focus is on
the architecture of the product-term mode memory arrays, and the CAD

algorithms that target those architectures.

First, we focus on an intelligent technology mapping algorithm that maps a
circuit to product term mode memory arrays. We show that the algorithm can
pack 22.8% more logic blocks into product term mode memory arrays over
using conventional memory arrays alone. Second, we focus on the architecture
of the product term mode memory array itself, and present several architectural
enhancements for increasing the efficiency of the memory array in

implementing logic.
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Chapter 1

OVERVIEW AND INTRODUCTION

1.1 Motivation

Field Programmable Gate Arrays (FPGAs) are highly specialized integrated circuits that
can be used to implement virtually any digital circuit. Current FPGAs have extremely
large capacities for logic and memory, making them suitable for implementing entire
systems on a single chip. Modern FPGAs also contain a myriad of features, such as low
power design, support for a plethora of 1/O standards, dual-ported or single-port on-chip

RAM, and built-in clock management [1, 2, 13, 28, 29, 30, 31, 32, 33].

Field Programmable Gate Arrays belong to a class of integrated circuits called programmable
logic devices that also include Complex Programmable Logic Devices (CPLDs) and Mask
Programmable Gate Arrays (MPGAs). Programmable devices differ from “traditional”
Application-Specific Integrated Circuits (ASICs) in the sense that once a circuit is
implemented on an ASIC, it cannot be changed after fabrication. FPGAs and CPLDs can
be programmed and reprogrammed indefinitely by the user after fabrication. However,
nothing is free; this flexibility comes at a price. There is an area and speed penalty
associated with programmable devices. Typically, an ASIC implementation will be several

times smaller than an equivalent FPGA implementation, and can operate at clock



frequencies several times faster than the FPGA implementation [6]. An FPGA’s

reprogrammability, however, makes it an ideal platform for prototyping designs.

As FPGAs are increasingly being used for implementing systems, on-chip memory is
becoming an important feature found on most modern FPGAs [1, 2, 13, 30, 31, 32]. Since
these memories occupy a large portion of the total chip area, it is important that they are
used efficiently. Specifically, if a circuit does not use memory, the chip area devoted to
memory is wasted. However, this area need not be wasted if these memories are put to

use in implementing logic.

Given that on-chip memories are already part of the FPGA, using them to implement
logic is “free”, or of very little to no cost to the end-user. When memories are used to
implement logic, a portion of the logic that would normally be implemented by the logic
resources on an FPGA will now be implemented by the memory. This means that by
simply using the memories to implement a portion of the circuit, fewer logic resources are

needed to implement the same circuit. If, by using the memories to implement logic
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Figure 1.1 An FPGA with Memory

Product term memory arrays are conventional memory arrays with additional circuitry that
allows sum-of-products functions to be implemented [15]. Product terms allow more
efficient implementations of wide functions (such as state machine transition equations).
If implemented using lookup-tables, many lookup-tables would be required to implement
the same function. Product term memory arrays are a relatively new invention and

therefore require study in order to determine whether these arrays are useful.

As important as the FPGA architecture, are the computer-aided design (CAD) tools used
to map circuits to FPGAs. CAD tools are required to convert the uset’s circuit into the
programming bits needed to program the FPGA. The CAD tools take a user’s circuit
description (usually in a high-level description language such as Verilog or VHDL) and

convert it into a netlist of lookup-tables, which are then mapped to the FPGA’s resources.
3



Finally, once FPGA resources are allocated, a programming file is created that, once
loaded into the FPGA, sets the FPGA configuration bits and thus implements the user’s

circuit.

In order to effectively use the resources on an FPGA, the CAD tools must be aware of
the target device architecture. If a CAD tool is not aware of the underlying architecture, it
cannot make good decisions while compiling a user’s design to an FPGA. Consequently,
either the design will either take up more on-chip area than it has to, or run slower than it

has to, or both.

1.2 Research Goals

The goal of this research is two-fold:

1. Provide an intelligent technology mapping CAD tool that targets product term

memory arrays.

2. Use the above tool to study methods for increasing the efficiency of the product

term memory arrays.

The first goal aims to create a novel algorithm for performing technology mapping on a
circuit to a target that has product term memory arrays available for use. Technology
mapping tools divide a circuit into parts, where each part is allocated to (or mapped) a

specific element in the target, for example, a lookup-table or a memory array.

A new technology mapping algorithm is needed because there are very few existing

algorithms that target product term memory arrays. We want to create an algorithm that

4



is different from existing algorithms in the sense that our algorithm will map a previously
LUT-mapped circuit to product term memory. Taking a previously LUT-mapped circuit
as input means the area benefit from mapping to product terms is easily quantified, since it

is just the difference in number of LUTs.

The second goal involves analyzing the current product term architecture, and in
particular, the macrocells which combine the product terms, and to determine how they
might be used more effectively. From a product term usage point of view, the current
architecture is inefficient. Those product terms that are common to more than one

function cannot be shared; multiple copies of the product term are generated instead.

A novel architecture is needed for two reasons:

1. There is a drive towards implementing increasingly larger systems on FPGAs. It is
important that every bit of on-chip area is used as efficiently as possible.
Eliminating unnecessary redundancy (ie. duplicate product terms) is a very

important step in reaching this goal of using area efficiently.

2. This avenue of research has never been explored previously. A product term
memory architecture that supports the sharing of product terms cannot be found
in any commercially available FPGAs today. Research is needed to determine if
such an architecture is feasible, both from the CAD tool and the user’s points of

view.



Our goal is to devise new architectures to alleviate this problem and evaluate the
effectiveness of these solutions. As any new architecture is useless without the CAD tools
to support it, we will also create a new technology mapping tool to support these product

term sharing architectures.

1.3 Research Approach

We use an experiment-based approach to our research. The performance of the new
CAD tool we developed in this work is measured in terms of how well it performs on
several benchmark circuits. Similarly, the efficiency of the architectures we propose in this
work is measured in terms of how well the CAD tools map circuits to them. The best
algorithms and architectures are those that lead to the most logic being packed in the

product term memory.

We first developed a new technology mapping CAD tool that maps a circuit to a product
term memory array (or multiple arrays). Several benchmarks from the Microelectronics
Center of North Carolina (MCNC) are used to test and gauge the tool’s performance on
real-world circuits. We then integrated the new CAD tool into an existing logic synthesis
package, SIS [25]. We also developed several architectures that allow for the sharing of
product terms. Sharing is an important feature since it reduces the necessity for multiple
copies of the same product term to be implemented, thus increasing efficiency. Several
modifications were made to our CAD tool in order to allow for mapping to architectures
with product term sharing. The modified CAD tool was then used to map MCNC

benchmarks to the product term memory array in order to gauge the efficiency of the



different sharing architectures. Finally, we draw conclusions on the effectiveness of

product term memories (with and without product term sharing) on implementing logic.

1.4 Organization of This Thesis

This thesis is organized as follows: Chapter 2 describes previous work related to memory
mapping and PLA mapping algorithms, and provides essential background information
that puts this work into context. Chapter 3 introduces the problem of mapping logic to
product term memories and describes our mapping algorithm for targeting product term
memories. Chapter 4 describes various architectural enhancements to the basic macrocell
as a way of increasing the efficiency of the macrocells. The modifications to the mapping
algorithm that were required to implement mapping to the enhanced macrocell
architectures are also described in Chapter 4. In Chapter 5, we present a number of
results that compare our algorithm to existing mapping algorithms. We also evaluate the
performance of the architectural enhancements described in Chapter 4, and provide
discussions of the results. Finally, we conclude the thesis with a brief summary of the
work presented, a summary of possible directions for future research, and a list of

contributions made.



Chapter 2

BACKGROUND AND PREVIOUS WORK

In this chapter we present an overview of the basic architecture of an FPGA, and how
logic is implemented within this framework. We will also discuss FPGA embedded

memory arrays.

2.1 Programmable Logic: FPGAs and CPLDs

The end user has a number of choices when it comes to implementation technologies.
The user can use non-programmable technologies, such as Application-Specific Integrated
Circuits and Mask-Programmed Gate Arrays or they can use programmable technologies
such as Field Programmable Gate Arrays and Complex Programmable Logic Devices. In
this subsection, we focus on the difference between programmable and non-

programmable technologies.

In the last fifteen years, FPGAs have come a long way towards becoming the technology
of choice for companies to implement digital designs. FPGAs have gone from a mere
thousand gates [33] on-chip to over 2.4 million [1, 2, 31, 32] gates on-chip. This has
allowed FPGAs to go from being used for strictly small, glue logic-type applications to

very large applications, such as entire systems. FPGAs are also getting larger and faster



every year. Roelandts predicts 50 million system gates and 16 Megabits of on-chip RAM

in 2005 [24].

FPGAs are becoming the technology of choice for one main reason: FPGAs are
programmable. An FPGA is able to implement any digital circuit by merely making the
appropriate connections inside the FPGA (which are determined by the CAD tools).
These connections can be made by configuring a set of SRAM bits (called configuration
bits) embedded in the FPGA. Once a design is implemented in an FPGA, changes to the
design can be made nearly instantly by simply reprogramming the configuration bits
within the FPGA. The same changes made to the same design implemented on a non-
programmable technology such as an ASIC involves making an entirely new chip, which
can be very expensive and may take several months. Therefore using an FPGA means
smaller non-recurring engineering (NRE) costs, and also a faster time-to-market. In
today’s marketplace, product cycles are often short and a faster time-to-market is a very

important advantage over ASICs.

However, ASICs are still the technology of choice for large volume production. The
reason is that ASICs still have an area and speed advantage over FPGAs. Circuits
implemented on an ASIC will be smaller and faster than the same circuit on an FPGA.
Improvements in the quality of FPGA CAD tools help; optimizations in the CAD tools
can lead to more logic being packed onto the same FPGA (area optimization), or reduce
the length of the critical path (delay optimization). Thus, improvements to the CAD tools
are needed to close the area-speed gap between ASICs and FPGAs, so that the area-speed
advantage currently enjoyed by ASICs becomes increasingly less significant.

9



2.2 An Overview of FPGA Architectures

There are many different FPGA architectures available commercially. In this section, we

discuss the structure of an FPGA from a general point of view.

Every FPGA on the market has three things in common:

1. Logic resources for implementing logic functions,

2. Routing resources for routing signals between logic blocks, and

3. 1I/O resoutces for connecting logic blocks to off-chip signals.

As FPGAs are increasingly being used to implement large systems, on-chip user storage is
also a requirement in many applications. In order to meet this demand, most modern
FPGAs have large on-chip memory arrays [1, 2, 13, 30, 31, 32]. In the Altera APEX20k,
the embedded memory arrays can also function as a PAL (Programmable Array Logic).
These memories are called product term mode embedded memory arrays, and will be

discussed further in Section 2.4 below.

2.2.1 Logic Resources
There are two primary technologies for implementing logic on an FPGA. Most FPGAs

are lookup-table based devices, meaning the logic blocks contain lookup-tables. There are
also some FPGAs on the market which are PLLA-based devices, meaning the logic blocks

implement logic using a product term based approach.

10



The organization of most modern FPGAs is known as the island-style architecture’. 'The
island-style architecture is illustrated in Figure 2.1. In this type of architecture, “islands” of
logic resources (called “logic blocks”) are separated by a “sea” of routing channels and

interconnect. The input and output pads are located along the perimeter of the chip.

OOonogdnn

Logic Block™ |

Routing |:| PY

Channels

1/0 Block

\é
[ Jeee [ J/I|[ ]

OO0 00Oogaf

2l
"L
L
[]

O Oongn

Figure 2.1 Island-Style Architecture

Lookup-Tables

Most FPGAs on the market have logic resources that contain lookup-tables. A lookup-
table is actually a small ROM, where the inputs to the lookup-table are the address inputs
to the ROM, and the output data line is only one bit wide. This is how logic is
implemented in a lookup-table; the ROM essentially stores the desired logic function’s
truth table. The number of inputs to the lookup-table defines the size of the ROM; a k-

input lookup-table (“k-LUT”) corresponds to a 2° bit ROM. A vast majority of today’s

* I would like to point out that although the term “FPGA” ptrimatily refers to lookup-table based devices and “CPLD”
refers to PLA-based devices, the two terms are often used interchangeably. In this thesis, I will use the term “FPGA”

11



FPGAs use 4-LUTs as the basic logic resource. Figure 2.2 illustrates a four-input LUT,

realized as a 16x1 memory block where the LUT inputs are the address inputs, and the

LUT output is the data output.

in3—

in2——|

in3

in2
in1
in0

memory
cell

4-LUT out

int

in0———

Figure 2.2 A 4-Input Lookup-Table

AT Ly L

sell

selt

selt

out

Lookup-tables can be used to implement logic efficiently because a k-input LUT can

implement any function of its k inputs.

Each logic block in the FPGA is composed of a number of /ogic elements that are connected

by programmable local interconnect. This is shown in Figure 2.3.

to describe any programmable logic device, both lookup-table and PLA-based.
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Figure 2.3 Inside a Lookup-Table FPGA Logic Block

Each logic element is in turn composed of a lookup-table and a storage element. The
storage element is used when the logic element output is registered, and can be enabled or
disabled by the user via a programming bit. Figure 2.4 illustrates the internal structure of a

logic element.

Programming
Bit

s

sel

— ] aLuT

R SET

Is)

CLR
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Figure 2.4 Inside a Lookup-Table FPGA Logic Element
(Simplified)

Product Terms

The first programmable devices to use product terms to implement logic were PLAs
(Programmable Logic Array) and PALs (Programmable Array Logic). Product term-based

devices have two parts:

1. Product term generator (AND plane)

2. Product term distributor / macrocells (OR plane)

Product term-based FPGAs took the PAL concept and extended it to a higher level of
integration, so that larger systems could be implemented with one chip. Instead of the
lookup-tables found inside lookup-table FPGAs, the logic blocks inside a product term
FPGA are essentially small PALs. Figure 2.5 illustrates the structure of a product-term

FPGA logic block.

14



L

|
|
AND Plane OR Plane |
|
|

Figure 2.5 Inside a Product Term FPGA Logic Block

Product terms are generated in the product term generator, which is essentially the AND-
plane of the PAL-like logic block. The product term generator architectures vary between
vendors, but as an example, the Xilinx XPLLA3 architecture can generate up to 48 product
terms per logic block, from the 306 literals (available in both true and complement forms)

that are inputs to the logic block [28].

The product term distributors / macrocells, which essentially comprise the OR-plane of
the PAL-like logic block, also contain extra circuitry to allow efficient implementations of
specialized functions, such as adders and counters. The macrocell usually also contains a
storage element, which allows the output to be registered. The user can enable or disable

this via a programming bit. Figure 2.6 illustrates the structure of the OR-plane.

15
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Figure 2.6 Inside a Product Term FPGA OR-Plane

2.2.2 Routing Resources

Routing is very important because it is needed to connect signals from one logic block to
another. Routing is also needed to connect the logic blocks to off-chip signals via the I/O

pads. There are primarily two types of routing in an FPGA:

1. Routing benween logic blocks.

2. Routing zuside logic blocks.

Routing elements can be found throughout the FPGA. Figure 2.7 illustrates the different

routing elements.
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Figure 2.7 Routing in an FPGA

Routing Between 1.ogic Blocks

The routing between logic blocks is composed of several different elements:

1. Routing channels

2. Switch blocks

3. Connection blocks

The routing channels are fixed metal tracks that run the entire length of the chip,

horizontally and vertically. There are a number of wires per routing channel; the exact
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number depends on the specific architecture. Modern FPGAs also have a segmented
routing architecture; each wire in the channel is not a single continuous wire from one side
of the chip to the other. Instead, the wires are broken into smaller segments, with each

segment usually spanning several logic block lengths.

The switch blocks are located at every intersection between the vertical and horizontal
routing channels. The switch blocks define the connections between these channels.

Several switch block topologies have been studied in detail in [7, 17, 22, 23, 26, 29].

Finally, the connection blocks connect the logic blocks to the routing channels. Both
input and output signals connect to the routing channels using the connection blocks.
These connections, and the connections between vertical and horizontal routing channels
in the switch blocks, are made by programmable switches. Each programmable switch is
a pass-transistor, with a user-programmable SRAM cell controlling the gate of the
transistor, thus enabling or disabling the connection between source and drain. Figure 2.8

illustrates the structure of a programmable switch.

Programming Programming
Bit Bit

Figure 2.8 Structure of a Programmable Switch

Routing Inside 1ogic Blocks

Routing inside each logic block is accomplished by a structure called the znterconnect matrix.

The interconnect matrix connects the inputs to the logic block to the inputs of each logic
18



element in the logic block. The interconnect matrix also connects feedback paths from
the outputs of each logic element to the inputs of the other logic elements. In some
FPGAs, the interconnect matrix is fully connected (any of the inputs can be routed to any
of the outputs), while in other FPGAs, the interconnect matrix is only partially connected.

The architecture of the interconnect matrix is studied in great detail in [18, 19, 22].

2.2.3 Memory Resources

With ever-increasing FPGA gate capacities, integration has reached a level where it is
becoming feasible to implement entire systems on an FPGA. Therefore, access to on-
chip memory is essential for two reasons. On-chip memory results in a faster circuit since
slow, off-chip accesses to external memory are no longer required. On-chip memory also

results in relaxed I/O constraints since dedicated memory I/O pins are no longer needed

27].

However, on-chip memory arrays can be problematic if they are not propetrly utilized,
since they occupy a significant amount of chip area. In the APEX20k, on-chip memory
arrays take up between 8% and 17% of the total chip area, depending on the specific
device in the family [2]. Therefore, the key to having on-chip memory is to use these

arrays in the most efficient manner possible.

A recent invention is product term mode memory arrays. These arrays behave like simple
PALs and can implement logic as product terms. These arrays will be discussed further in

Section 2.4.
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2.3 FPGA Computer-Aided Design Flow
The computer-aided design (CAD) flow for FPGAs is similar to the ASIC CAD flow.

The main difference is that the result of an ASIC CAD flow is a physical layout of
transistors, while the result of an FPGA CAD flow is a stream of programming bits used

to program the FPGA. The FPGA CAD flow is shown in Figure 2.9.

Start : Input Circuit

Break down into basic
functions
(Synthesis)

Technology-Independant
Optimization

Technology-Dependant
Optimization
(Technology Mapping)

Pack LUTs into Logic
Blocks

Placement and Routing

4

Finish : Program FPGA )

Figure 2.9 FPGA CAD Flow
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In the first step of either CAD flow, the uset’s circuit is transformed from a high-level
hardware description language (such as VHDL or Verilog) into Boolean logic equations or

a netlist of basic functions. This process is called high-level synthesis [5, 25].

The next step in the CAD flow is called technology-independent optimization. In this
step, the netlist or logic equations are optimized (ie. minimized) without knowing anything

about the target technology. Many algorithms exist for performing this minimization [5].

After technology independent optimization, the netlist is then mapped to k-input lookup-
tables (k-LUTS) in a process called technology mapping. Each gate or groups of gates in
the netlist are combined into LUTs and flip-flops [9, 11]. When targeting FPGA
architectures where each logic block is composed of many logic elements, the netlist of
LUTs is then packed into clusters of LUTs (where each cluster corresponds to a logic

block) [21]. The netlist of LUTs is then transformed into a netlist of logic blocks.

In the next phase of the CAD flow, the logic blocks are assigned physical locations on the
FPGA. This process is called placement [4]. Placement is followed by the routing phase,
in which the connections between logic blocks are made via the FPGA routing channels
[4]. Placement and routing are closely related since if an appropriate routing cannot be

found, an alternative placement must be found and routing attempted again.

2.4 Mapping Logic to Memory

The problem of mapping logic to unused memory arrays in order to minimize the amount
of wasted chip area has been studied extensively. In this section we will give a brief

overview of two algorithms for targeting conventional mode memory arrays, SMAP and
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EMB_Pack. We will also discuss product term mode memory arrays and give an

overview of Hybrid_Map, an algorithm that targets product term memory arrays.

2.4.1 Terminology

Before we discuss algorithms for mapping logic to memory, we will first describe the

terminology used. Much of this terminology has been adapted from [8].

The input to the algorithm is a network of 4-LUTs. A network is a directed graph
(collection of directed edges and vertices) that represents the input circuit. Each vertex in
the graph is called a node, and represents a 4-LUT. An edge is a connection between two
nodes, and thus represents a connection between two 4-LUTs. Since each edge is
directed, any given node in the network will have a number of incoming edges and a
number of outgoing edges. The only exceptions are the inputs to the circuit (called the
primary input nodes), which have no incoming edges, and the outputs from the circuit (called
the primary ontput nodes), which have no outgoing edges. An example network is shown in
Figure 2.10. Each node (vertex) in the network represents the output of a lookup-table
(and thus can be any arbitrary logic function), and each edge represents a connection

between two logic gates.
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Figure 2.10 A Network of Nodes Representing a Circuit

For any given node # in a network, the depth of n is given by the maximum number of

edges in the path from the primary inputs to . Primary inputs have a depth of zero.

Excepting primary input and primary output nodes, every node 7 has a number of fanins
and fanouts. 'The fanin nodes of 7 are the set of nodes that have an outgoing edge to 7.
The fanout nodes of 7 are the set of nodes to which there is an outgoing edge from 7.
The number of fanins to # is equal to the number of incoming edges to #. Similarly, the
number of fanouts from # is equal to the number of outgoing edges from 7. Finally, the
fanin network of a node 7 is the network containing all nodes 7’ for which a path exists from
n’to n. We say a subnetwork is roed at a root node rif all nodes in the subnetwork are in

the fanin network of r.

Two terms that are often used when describing mapping algorithms are the fanout-free
subnetworks (FYS) and maximmm fanout-free subnenworks (MFES) of a node #. A fanout-free
subnetwork of 7 is a subnetwork rooted at # such that for every node »’ in the
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subnetwork, the fanouts of 7’ are only to other nodes in the subnetwork. That means
there are no outgoing edges from anywhere inside the subnetwork to anywhere outside
the subnetwork, ie. “fanout-free”. A maximum fanout-free subnetwork of 7 is a FFS of #
such that the FFS encloses the maximum number of nodes, ie. the largest FES possible of

n. 'This is llustrated in Figure 2.11.

an FFS of x the MFFS of x

Figure 2.11 A FFS and the MFFS of the Node Labeled “x”

Finally, a concept that is used often in this thesis is c/apsing a node into another node.
Collapsing a node x into another node y means that y is replaced by another node y’. The
logic function of y’is found by re-expressing y in terms of the fanins of x; such that y’is
still logically equivalent to y. Note that the fanins of both x and y have become the fanins
of y’. Also note that y is replaced, but x remains (although there is no longer a connection

€C_2>

from x to y). This is shown in Figure 2.12. In the figure, node “x” (with function ab) is

collapsed into node “y” (with function x+c), producing a new node “y” (with function

ab+c).
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Figure 2.12 Collapsing Node x into Node y

2.4.2 Conventional Mode Memory Arrays

Algorithms for implementing logic in unused memory arrays in which the memory array is
treated as a large multiple-input, multiple-output lookup-table are presented in [12, 27]. In

this section, we give a brief overview of how these algorithms work.

SMAP
The algorithm proposed by Wilton [27] takes a network of 4-LLUTs as input and attempts

to pack nodes into unused memory arrays. It involves three steps:
1. Identifying a seed node,
2. Choosing the memory array input signals, and
3. Choosing the memory array output signals.

The goal of the algorithm is to pack as many nodes as possible into the memory; those

nodes that could not be packed are implemented using LUTs. In the description of
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SMAP below, dis the number of memory input signals, and » is the number of memory

output signals.

In order to ensure an intelligent seed node choice, the algorithm described below is
applied to every node in the network. The seed node that produces the most deleted

nodes in the final solution is then chosen.

Given a starting seed node, the memory inputs are chosen. This is done by finding the
maximum volume d-feasible cut of the seed’s fanin network. This means that a cut is
found such that the number of cut signals is less than or equal to &, while at the same time

the number of nodes below the cut is maximized.

After the memory inputs are chosen, the outputs from the memory are chosen. To do
this, w of the nodes under the cut are chosen such as to maximize the number of nodes

that can be implemented in the memory array. For more details, refer to [27].

EMB_Pack
The algorithm proposed by Cong and Xu [12] is similar to SMAP in that both algorithms

attempt to pack a network of 4-LUTSs into unused memory arrays. However, EMB_Pack
takes a different approach to the problem. Rather than applying the algorithm on every
possible seed node as SMAP does, the set of seed nodes is chosen first. There are several

phases to the algorithm:

1. Calculate seed set,

2. Compute maximum fanout-free subnetworks (MFESs) of the seed set,
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3. Trim infeasible MFFSs, and

4. Select subnetworks for implementation in the memory array.

Once the root set is calculated, the MFESs of the root set nodes is found. Since no limit
on the number of cut nodes has been imposed up to this point (only maximal
subnetworks were found), some of the MFESs that have been calculated are infeasible,
because it has an input or output size larger than what is permitted by the memory. These
infeasible MFESs are further cut in order to make them feasible (thereby making them
fanout-free subnetworks, since they are no longer maximal). The cut location is chosen

such that the number of nodes below the cut is maximized but the FES is still feasible.

After the feasible MFFSs and now-feasible FFSs have been calculated, they are now
proper memory implementation candidates. For every unused memory array, one
implementation is chosen from this set of candidates. The candidate is chosen such that

the number of packed nodes is maximized while circuit delay is maintained.

2.4.3 Product Term Mode Memory Arrays

A recent innovation in FPGA embedded memory arrays is product term-mode memory
(14, 15]. In product term mode, a memory array can implement a basic PAL; thus

implementation of a circuit as a sum-of-products is possible using these memory arrays.

The structure of a product term memory array is shown in Figure 2.13. It is composed of

several parts:

1. Row and column decode circuitry,
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2. RAM block (product term generator), and

3. Macrocell circuitry

Since a product term memory can also function as a regular RAM memory array, signals
for both modes of operation exist and need to be multiplexed. A memory can operate in
either one mode or the other, but not both simultaneously. For more information, refer

to [14, 15].

from memory
array inputs

(literals)

/ RAM Block
(AND Plane)

ssEssEssReS
I1 171 11 u/r:ss::;

LY O]
Lol

to memory array outputs

Figure 2.13 Structure of a Product Term Memory Array
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Hybridmap

This section describes an algorithm that also targets unused memory arrays. However,
whereas the previous chapter described mapping to conventional memory arrays, this section

is devoted to product term memory arrays.

We point out that while technology mapping algorithms that target PLLA-like logic blocks
exist [3, 10], those algorithms can not be applied to product term mode memory arrays

because they do not take the specific memory architecture into account.

An algorithm proposed by Krishnamoorthy, Swaminathan, and Tessier, Hybridmap [16],

targets product term mode memory arrays. It involves three steps:

1. Identification of feasible PLLA subnetworks,

2. Product term estimation, and

3. Merging subnetworks.

The first step is to search for groups of nodes that have limited fanout which will drive the
outputs of the product term memory array. These nodes form a root set and serve as a
basis for determining which nodes can be implemented by the memory array. Once the
root set is calculated, a search starting at the root set and proceeding backwards through
the network (towards the inputs) is made. The backward search proceeds until there are
no more nodes to include, or until the fanin to the subnetwork is larger than the number
of inputs to the memory array. This step produces a number of subnetworks, all of which

meet the input and output requirements of the product term memory array.
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Input and output constraints are not sufficient to determine of a subnetwork can be
implemented in a product term memory array. The other constraint is the number of
product terms. The second step, product term estimation, is a set of heuristics that
attempts to estimate, with reasonable accuracy, the number of product terms in each
subnetwork in a fraction of the time needed by Espresso. The estimator is used to
eliminate subnetworks with too many product terms. For more information on this step,

see [16].

All of the subnetworks being considered at this point can be feasibly implemented in a
product term memory. The last step is merging multiple, smaller subnetworks together so
that the combined subnetworks can be implemented in a product term memory array
without violating input, output, and product term constraints. A cost function is used to
encourage the merging of wide fanin subnetworks while penalizing subnetwork
combinations that have a relatively large number of product terms given the number of

inputs and outputs.

2.5 Focus and Contributions of This Thesis

This thesis will focus on the technology mapping aspect of the CAD flow. Technology
mapping algorithms for various FPGA architectures exist [3, 9, 10, 11, 12, 16, 27].
However, as product term memory arrays are very recent, technology mapping algorithms
that target these arrays are few. In Chapter 3 we propose a new algorithm for mapping a

circuit to product term memories.
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The product term architecture of a product term memory also requires study. Due to the
newness of this feature, architectural enhancements may be in order and such
enhancements should be evaluated. In Chapter 4 we propose several enhancements to
existing macrocell architectures. In Chapter 5 we present results for these architectures

and comment on their performance.

The contributions of this thesis are summarized as follows:

1. A new technology mapping algorithm that is more flexible than Hybridmap.

2. Experimental evaluation of various architectural alternatives for the product term

memory arrays.
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Chapter 3

TECHNOLOGY MAPPING TO PRODUCT-TERM MEMORY ARRAYS

In order to use the product term mode of the memory arrays efficiently, an intelligent
technology mapping algorithm is required. Area on an FPGA is precious and since
memory arrays occupy a large proportion of this area, it is important that the memory

arrays be used in the most efficient way.

The algorithm presented in this chapter, pMapster, analyzes a circuit and extracts a
subcircuit that, when implemented in a memory array, yields the most efficient

implementation.

3.1 Motivation

On-chip memories consume large amounts of valuable chip area. If this memory is not
efficiently utilized, that area is wasted. We need to use area efficiently in order to

maximize the size of the circuit that can be implemented on the chip.

Mapping a circuit to memory means the memory is treated like a large multiple-input,
multiple-output lookup-table. The technology mapping algorithms that accomplish this
mapping exists and are well documented [12, 27]. However, with the advent of product
term mode memory arrays, in which the memory behaves like a large PLA, technology

mapping algorithms that target these arrays are few.
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Very rarely will an entire circuit fit into a product term memory array. Often, a circuit will
need to be partitioned into two parts; one part, to be implemented in the product term
memory, and the other part, to be implemented in the logic blocks. Thus the mapping

algorithm must do this intelligently, otherwise the memory will not be used efficiently.

One will see that just choosing any partition will not do. Clearly, some parts of the circuit
are better suited for product term implementation than others. For example, wide fan-in
functions such as state machine transition equations are often better for product term
implementation. The mapping algorithm must therefore search the entire circuit and

choose the best partitions.

3.2 Problem Description

The general goal of technology mapping algorithms is to convert a netlist into one that
uses a different technology (or the basic building blocks with which a circuit is
implemented). For example, lookup-table technology mapping algorithms convert a
netlist of gates into a netlist of lookup-tables. Technology mapping algorithms that target
memory arrays such as those discussed in Section 2.4 above convert a netlist of lookup-
tables into a netlist of lookup-tables with some of the lookup-tables replaced by one or

more memory arrays.

Given a network of lookup-tables and a product term memory architecture as input, the
goal is to determine a subnetwork of nodes suitable for implementation in a product term
memory array. The goal is area optimization; we want the size of the subnetwork to be

maximized while minimizing the size of the memory implementation. The algorithm
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outputs the original network of lookup-tables; however, the lookup-tables that the
algorithm decided to implement in the product term memory are removed. This is
llustrated in Figure 3.1. In the figure, the shaded nodes on the left-hand side (and the

combined logic function they implement) are replaced by the memory array on the right-

N\

Memory Array

hand side.

X

Figure 3.1 Mapping Part of a Network of LUTs to Memory

3.3 High-Level Description of pMapster

Our algorithm starts with a network of LUTSs as input. Seeds are chosen and a mapping
solution is computed for every seed. A comparison is made between the previous
mapping solution and the new solution every time a new seed is selected and the
corresponding mapping solution found. The better solution is retained. When all seeds
have been exhausted, the final solution is the best solution out of all the computed

solutions. A flowchart illustrating the process is shown in Figure 3.2.
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Figure 3.2 pMapster Program Flow

3.4 Detailed Description of pMapster

In this section we describe pMapster in greater detail. We elaborate on several important

aspects of the algorithm:

1. Choosing a candidate for collapsing,

2. Collapsing the candidate node,

3. Ending the mapping loop, and

4. Choosing the next seed nodes.
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The computation of a new mapping solution (given a seed node) is the core of our
algorithm. Items 1 through 3 above are integral to this part of the algorithm, and are
discussed in Sections 3.4.1 through 3.4.3. Section 3.4.4 discusses seed selection, which

follows mapping solution computation in the flow shown in Figure 3.2.

Computing a mapping solution is essentially a loop; on every iteration of the loop, a fanin
of the seed is selected and collapsed. If none of the fanins are suitable, then an end
condition has been met and the loop is terminated. The calculated mapping solution is
returned. The pseudocode that illustrates the process of finding a mapping solution is

shown in Figures 3.3 and 3.4.

map_one_EAB():

for each node in the network

{

n = numNodesFaninNet(node);
if(n > numNodes(bestSolution))

{
networkCopy = copy(network);
numDeleted = processSeed(node, networkCopy);

if(numDeleted > bestSolution)
bestSolution = numDeleted;

record cut nodes;
record deleted nodes;

}

remove selected nodes from network;

Figure 3.3 Mapping to One Memory Array (pseudocode)
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processSeed():

while(ldone)
{
bestScore = LARGE;
for each fanin of seed
{
calculate newlnputs;
if(newlnputs < MAX_INPUTS)
calculate newPT;
calculate newMC;

if(newPT < MAX_PTERMS) &&(newMC < MAX_MACRO)
{

calculateScore (fanin);
if(score < bestScore)
bestScore = score;

record this fanin as candidate;
atLeastOneFanin = 1;

}

if(atLeastOneFanin)
{
collapse fanin into all the seeds;
if(numFanout(fanin) > 1)
add fanin to seeds;

}
calculate usedinputs, usedPT, usedMC;

if(latLeastOneFanin)
done =1;

}

record cut nodes;
record deleted nodes;

Figure 3.4 Processing a Seed Node (pseudocode)
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3.4.1 Choosing a Candidate for Collapsing

During each iteration of the algorithm, all fanin nodes of the seed are analyzed. The goal
is to identify which of the seed’s fanins is the most suitable for collapsing into the seed.
We collapse fanins into the seed in order to accurately calculate the number of product
terms after collapse. This is important because product term counts are used to signal the
end of the iterations. We remind the reader that fanins that result in fewer product terms
are favoured because it means fewer product term memory array resources are being used

and therefore more logic can be packed into the memory array.

A seore is calculated for each fanin; the fanin with the lowest score (which means the fanin

results in the lowest number of product terms used) is collapsed into the seed.

Calenlating the Number of Resultant Product Terms

In order to compute the number of product terms that will result when a fanin is
collapsed into the seed, and since collapsing a node into another results in both nodes
being changed, a “trial” collapse is computed. A copy of the fanin is collapsed into a copy
of the seed and the number of resulting product terms is counted. Since the collapse
operation is computationally intensive, it becomes necessary to prune the fanin nodes in

order to reduce the number of collapse operations that are performed.

We prune by considering the number of literals and number of outputs that will result if a
particular fanin is collapsed. Both quantities are easily calculated from information already

associated with the fanin and seed nodes.
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Product terms in a product term memory implementation are limited to a certain number
of literals; for example, product terms in the APEX20k architecture are limited to 32
literals. The number of outputs is limited to the number of macrocells that are available;

in the APEX20k architecture, the number of outputs is limited to 16 outputs [15].

If the number of literals or outputs computed for a potential candidate node exceeds the
limit given by the given architecture, collapsing that node will result in a mapping solution
that cannot be implemented in the given architecture. Therefore, the node should be

ignored.

3.4.2 Collapsing a Candidate Fanin Node

In this section we discuss the process of collapsing a candidate node. There are only two

types of candidate fanin nodes:

1. Candidates that have one fanout, and

2. Candidates that have more than one fanout.

Candidate Fanin with Single Fanout

In many cases, the candidate fanin will have only one fanout; the output of the candidate
node is connected to the input of only one other node in the network. As an example, the

shaded nodes in Figure 3.5 are single fanout.
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Figure 3.5 Shaded Nodes are Single Fanout

Dealing with collapsing a candidate with a single fanout is simple. Once the candidate is
collapsed into the seed, the function implemented by the candidate is no longer needed (it
has been integrated into the seed’s function through collapsing). The candidate node can

be safely removed from the circuit.

Candidate Fanin with Multiple Fanouts

Occasionally, the candidate node will have more than one fanout, meaning the output of
the candidate node is connected to the inputs of more than one other nodes in the

network. As an example, the shaded nodes in Figure 3.6 are multiple fanout.
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Figure 3.6 Shaded Nodes are Multiple Fanout

Collapsing a multiple fanout candidate node is not as simple as the single fanout case
described above. If the candidate is multiple fanout (for example, if the candidate fans out
to the seed node and another node), the candidate cannot be deleted after collapsing
because it is still needed by the other nodes it fans out to. This poses a small problem:
future candidates are possibly fanins of both the seed and the candidate node. When this
happens, those future candidates are also multiple fanout. No future nodes will be

removed if this is the case.

The only way future nodes can be deleted is if the future nodes are collapsed into both the
seed and the candidate. When this happens and the future node has no other fanouts, its
logic function has thus been integrated into the nodes it fans out to. Thus it can be safely
removed from the network. Therefore, candidates with multiple fanout are made into
secondary seed nodes when they are collapsed. All future collapses will then attempt to

collapse into the primary seed as well as the secondary seeds. This process is illustrated in
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Figure 3.7. In the first collapse operation, an extra output from node 2 is generated (it is
made into a secondary seed node), as seen in the figure in the center. In the second
collapse operation, node 3 is collapsed into both node 1 and node 2 (the primary and

secondary seed nodes), and the result is shown in the figure on the right-hand side.

secondary

Figure 3.7 Creating a Secondary Seed

The outputs from the primary seed and also the secondary seeds make up what will

ultimately become the output signals from the memory array.

3.4.3 Ending the Mapping Loop

The end conditions described in this section are important for signaling the end of the
mapping loop. At the end of each iteration of the loop, the total number of product
terms, literals (memory inputs), and macrocells (memory outputs) are computed. At the
beginning of the next iteration, “trial” values for product term, literal, and macrocell usage
are calculated for every fanin. If the “trial” values do not exceed limits (which are
determined by the particular target architecture), the fanin is processed as a potential
candidate node. However, no suitable fanins are found, the mapping loop is terminated

and results are recorded.
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3.4.4 Choosing the Next Seed Node

After the mapping loop has ended on the current seed node and a mapping solution has
been found, it is compared with the best solution found so far and the better solution is
retained. The next step is to choose the next seed node, if one exists. In order to find the
best possible seed node (or rather the seed node that yields the best possible mapping
solution), every node in the network is tried as a potential seed node. However, since very
large run times will result for even medium-sized circuits, it becomes necessatry to prune
the network and to not consider seeds that will definitely yield a solution not better than

the current best.

Pruning the network is a simple operation. The number of nodes in a potential seed’s
fanin network is counted. If the size of the fanin network is larger than the size of the
current best solution, the potential seed node is tried as a seed node. Otherwise, the
potential seed is ignored. The reason for this is that the largest possible solution
(assuming no limits) that can be generated from any seed node is its fanin network. If the
size of the fanin network of the potential seed is smaller than the size of the current best
solution, the mapping solution from that potential seed will also be smaller. Therefore it is

not necessary to try this potential seed.

3.5 Implementation

Our algorithm was implemented in approximately 3000 lines of C. It was integrated into
the UC Berkeley logic synthesis package, SIS [25]. Integrating the algorithm into SIS

allowed the algorithm to use the SIS data types and methods (such as node_collapse).
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It was also integrated into an existing memory mapping algorithm, SMAP [27]. Product
term mode memory arrays found on Altera APEX20k FPGAs can also function as a
conventional memory, and thus logic can be mapped to them using SMAP. Thus, by
integrating pMapster and SMAP, one algorithm can be used to target two architectures.
In this way, logic can be mapped to both conventional and product term memories, which
may result in better memory utilization (and thus efficiency) than if logic was mapped to
only conventional memories or only product term memories. Experimental results that
show the effect of mapping to both conventional and product term memory are presented

in Chapter 5.

3.6 Summary

Using on-chip memory arrays efficiently is very important. Implementing logic in unused
arrays is one way that this can be accomplished. In this chapter we have presented an
algorithm for mapping logic to product term mode memory arrays. We have described in
detail several important aspects of our algorithm, pMapster. We have described how our
algorithm chooses a candidate fanin on each iteration of the mapping loop, how
collapsing a node is accomplished, how the mapping loop is terminated, and also how the
next seed nodes are chosen. We have also briefly discussed some issues related to the

implementation of the algorithm.
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Chapter 4

PRODUCT-TERM MEMORY ARCHITECTURAL ISSUES

The ability of the algorithm presented in Chapter 3 to pack logic into product term
memory arrays depends significantly on the architecture of the memory arrays themselves.
The width and depth of the memory dictate how many functions can be packed into each
array, as well as how large each function can be. In addition, the architecture of each
macrocell within the memory has a significant effect on the amount of logic that can be

packed into each array.

In this chapter, we focus on these architectural considerations. We start by reviewing the
baseline architecture in Section 4.1, and by describing the role of the macrocells within
each memory array. Section 4.2 then presents three proposals for enhancing the
architecture of the macrocells. Section 4.3 focuses on the anticipated effects of changing

the memory array width and depth on the ability of the memory to implement logic.

The architectural enhancements presented in this chapter are of little use if the CAD tool
that maps logic to the memory arrays cannot take advantage of them. This is important —
it is meaningless to propose architectural enhancements if they cannot be exploited by the
CAD tools. Thus, in Section 4.4, we describe how the CAD tool from Chapter 3 can be
modified to take advantage of the proposed architectural enhancements. An eatly version

of some of the work presented in this chapter also appears in [20].
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4.1 Baseline Architecture

The macrocells are an integral part of any product term device, including product term
memory arrays. Macrocells implement the OR plane; without macrocells, sum-of-
products implementations of logic are not possible. Macrocells also often contain
additional specialized circuitry for implementing adders and counters. However, the
“baseline” macrocell architecture that we will consider here is based on a generalization of
the macrocell architecture found in FPGAs with product term functionality, such as the

Altera APEX20k and Xilinx Virtex-E [2, 31, 32]. Figure 4.1 is a schematic of our baseline

macrocell.
Iexpander out
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Figure 4.1 Baseline Macrocell Architecture

In the baseline macrocell architecture, the macrocell implements an OR of a fixed number
(usually two) of product terms. If more product terms are needed to implement a
function, other macrocells can be connected together to provide the additional product
terms. 'This is done through a specialized inter-macrocell connection called a paralle/

expander. In our baseline architecture, the actual product term sum can be routed to the
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macrocell output or to the next macrocell via the parallel expander connection, but not

both simultaneously.

Finally, our baseline macrocell architecture also includes a storage element that is used
when a registered macrocell output is desired. The storage element can be enabled or

disabled by the user via a configuration bit.

4.2 Architectural Enhancement Proposals

One of the major pitfalls of current macrocell architectures is the inability to share
common product terms.  Sharing product terms would lead to more efficient
implementations of functions, thus allowing more functionality to be implemented in the

memory array. We propose three ways of increasing this efficiency:

1. Macrocell granularity,

2. Sharing macrocell outputs, and

3. Multiple parallel expanders

4.2.1 Macrocell Granularity

When implementing functions of a large number of product terms, many macrocells need
to be cascaded (using the parallel expander) to implement the desired number of product
terms. However, this incurs an incremental delay for every macrocell that is cascaded.
One solution is to increase the number of product terms per macrocell (the granularity of
the macrocell) so that functions with more product terms can be more efficiently

implemented. The problem is that increasing the granularity also decreases the efficiency
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with which smaller functions are implemented. Figure 4.2 illustrates a macrocell with a

granularity of 4.
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Figure 4.2 Macrocell with Granularity of 4

Varying macrocell granularity will have a slight effect on the area and speed of the
memory array. In terms of area, increasing granularity results in logic being removed since
there are fewer macrocells (recall each macrocell has one flip-flop storage element and also
one set of extra logic for implementing special functions). However, the OR gate in each

macrocell is larger; the 2-input OR gate is replaced by a 4 (or more) input OR gate.

Since larger OR gates are being used, the delay of each macrocell will increase slightly.
However, since the parallel expander is used less often when implementing functions with

many product terms, the overall delay will likely be less.
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4.2.2 Sharing Macrocell Outputs

In the APEX20k architecture, each macrocell can direct the sum of the product terms to
the macrocell output or to the next macrocell (via the parallel expander), but not both

simultaneously. This may lead to product terms being used inefficiently.

Consider the following group of zncrementally similar functions:

f=a+b
g=a+b+c+de
h=a+b+c+de+abc

Note that the product terms of fare included in g and that the product terms of g are

included in /. Thus we say £, g, and / are incrementally similar.

In cases where the product term block must implement a number of functions that are
incrementally similar, a macrocell that is capable of sharing its output with the next
macrocell may be useful. Macrocells can then be chained together to efficiently
implement these functions. Figure 4.3 shows how a macrocell with output sharing could
be used to efficiently implement the incrementally similar functions f, g and 4, above.

Figure 4.4 is a schematic of a basic macrocell with the enhanced output circuitry.
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Figure 4.3 When Output Sharing is Useful
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Figure 4.4 Basic Macrocell with Output Sharing

Finally, the area and delay impact of this enhancement is very small. In particular, the only

additional area overhead is an extra SRAM configuration bit and pass transistor per
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macrocell. Since no extra logic is being added to the macrocell itself, there is virtually no

delay overhead.

4.2.3 Multiple Parallel Expanders

Since each macrocell has only one connection to the adjacent macrocell, product terms
generated in one macrocell can only be used by at most two macrocells (the generating
macrocell and the macrocell adjacent to it, assuming macrocell output sharing exists). In
certain cases, this could lead to an inefficient use of macrocells since certain product terms
may be repeated. Increasing the number of parallel expanders could increase product

term usage efficiency, since product term repetition can be reduced.

In cases where the product term block must implement a number of functions which are
similar, although not necessarily incrementally similar as in the previous example, having a
macrocell capable of sharing with the next 2, 4, 6, or more macrocells may be useful. A
macrocell can then be used to generate the common product terms (in a set of functions)
and share them with several other macrocells. Figure 4.5 shows how this could be useful.

Figure 4.6 shows a basic macrocell with enhanced parallel expanders.
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Figure 4.5 When Multiple Parallel Expanders is Useful
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Figure 4.6 Basic Macrocell with Multiple Parallel Expanders
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Again, the area and delay implications of this enhancement are small. The area penalty is
one additional multiplexer per additional parallel expander, per macrocell. For an
architecture with four parallel expanders, this amounts to three extra multiplexers per
macrocell. However, there is virtually no delay penalty associated with this enhancement,
since there is no extra logic has been added that would increase the amount of delay

through the macrocell.

4.3 Memory Configuration Architectural Issues

In the previous section, we described three architectural enhancements, and in doing so,
created an architectural “space”. An additional “dimension” in this space is the
architecture of the RAM block, which is also the product term generator (AND plane).
Specifically, the width and depth of the memory may have a significant effect on its ability

to implement logic.

The RAM block generates the product terms; the transistors in each memory cell in the
RAM are configured such that each column line implements a wired-AND function of
each cell in that column. Thus, each column line can implement a different product term
simply by programming the appropriate transistors along that column with the appropriate

values.

The dimensions of the memory affect how many product terms can be implemented by
the memory array, as well as how many literals can be used for each product term. In
particular, each pair of rows of the memory corresponds to a separate literal, with one row

each being used for the true and complemented forms of the literal.
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Figure 4.7 is an illustration of a memory array and shows how memory parameters affect
the product term architecture. The parameters illustrated are width » and depth 4 of the

memory.

Memory Cell

d/2 literals

+«—— wpterms —»

Figure 4.7 Effect of Memory Parameters
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4.3.1 Width of the Memory

The width of the memory is important because it determines how many column lines are
present in the memory block. This in turn determines the number of product terms the

memory block is capable of generating.

4.3.2 Depth of the Memory

The depth of the memory is also important because it determines how many row lines are
present in the memory block. This in turn determines the maximum number of literals

that are available to be combined into product terms.

4.4 Changes to pMapster to Support Architectural Enhancements

The previous sections described several architectural enhancements and options for the
product term memory arrays. This, however, is only half the story. Without CAD tools
that support these architectural features, the features will go unused. Very few FPGA
users map their circuits to the FPGA architectural components by hand, and this is

unlikely to change.

The CAD tool described in Chapter 3 is flexible enough to target arrays with any numbers
of rows and columns. However, it is not able to efficiently support the macrocell options
described in Section 4.3. In this section, we show how the CAD tool from Chapter 3 can

be extended to support these options. In particular, we look at three extensions:

1. We show how a term to the cost function can be modified to reflect the

granularity value of the memory array,
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2. We show how the algorithm can be modified to support the proposed macrocell

output sharing enhancement, and

3. We show how the algorithm can be further modified to target macrocells with

multiple parallel expanders.

As in Chapter 3, the experimental evaluation of these algorithmic enhancements will be

delayed until Chapter 5.

4.4.1 Macrocell Granularity

Section 4.2.2 defined macrocell granularity as the number of product terms per macrocell.
For the Altera APEX20k, this granularity is equal to twoj; there are two product terms per
macrocell. Currently, the granularity value is hard-coded into the algorithm presented in
Chapter 3. In this section, we show how our algorithm can be modified to target an

architecture with an arbitrary granularity value.

In the APEX20k architecture, the number of macrocells M needed to implement the P

product terms in a seed is given by:
M = [5—‘ 4.1)

where |_x—| denotes the ceiling function of x.

As stated above, in the APEX20k architecture, each macrocell can implement two
product terms. Recall that if additional product terms are needed, the parallel expander is

used and additional macrocells are used to implement the extra product terms. This
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means that if one were to implement a function with only one or two product terms, only
one macrocell would be required. To implement a function with three or four product

terms, two macrocells would be required. Equation 4.1 can thus be derived intuitively.

The next step is to generalize Equation 4.1 for an arbitrary value of granularity, which we
will denote by G. Intuitively, the number of macrocells M needed to implement the P

product terms in a seed, assuming a granularity of G, is given by:

M= PW “2)

Equation 4.2 can be used to calculate the number of macrocells needed to implement the
function of a seed for any granularity value. In the algorithm described in Chapter 3, and
in particular the mapping process illustrated in Figure 3.7, Equation 4.1 is used to calculate
the newMC and usedMC terms in Figure 3.7. Implementing support in our algorithm for

different granularity values is done by replacing Equation 4.1 with Equation 4.2.

4.4.2 Sharing Macrocell Outputs

In the baseline algorithm described in Chapter 3, sharing product terms between
macrocells is not supported. Thus, in the baseline algorithm, to implement a set of seeds,
each seed is implemented independently, since each seed is not “aware” of the other
seeds. In particular, the number of macrocells needed to implement a set of seeds is the
sum of the number of macrocells needed to implement each seed separately, as shown in

Equation 4.3.

57



Mtotal = zMseed (43)

each
seed

When sharing is taken into account, the number of macrocells needed to implement a set
of seeds is no longer a straightforward sum of the individual seeds. The algorithm must
be enhanced with “awareness” that one particular seed can share its product terms with

another seed.

This “awareness” is not a trivial problem. In order to implement awareness, our solution
is to start with an arrangement of seed nodes, and rearrange the seed nodes many times

until the best fit is found.

From the previous iteration of the mapping loop, the seeds start in an already good order.
If the current iteration added another seed, then this new seed is the only seed that needs
to be put in the order. Otherwise if no seed was added during the current iteration, the

order of the seeds should not change from the previous iteration.

The “fitness” of a particular arrangement of seeds refers to how well product terms from
one seed are being shared by another seed. Each macrocell can share its product term
sum with at most the next macrocell via the single parallel expander. The next section

describes the case where multiple expanders exist.

The fitness of an arrangement of seeds is calculated by analyzing seed # to see if it can
share its product terms with the product terms of seed #+7. This is done by comparing
each product term in seed 7 with the product terms in seed #+7. If every product term in

seed 7 matches a product term in seed #+7, then seed 7 is marked as being a “product
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term subset” of seed #+7. Seeds that are subsets of other seeds are not counted when the

number of product terms and macrocells are computed.

Figure 4.8 illustrates the impact of “fitness” on the number of macrocells used by a set of

seeds.
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Figure 4.8 Impact of “Fitness” on Number of Macrocells Used

4.4.3 Multiple Parallel Expanders

In the base architecture, the parallel expander allows large sum-of-product equations to be
implemented. Since each macrocell is only capable of computing a sum of two product

terms, the parallel expander links adjacent macrocells. For example:

f=A+B+C+D+E isimplemented as f ={{{4+B}+C+ D} +E}, where each

{} represents the function implemented by each macrocell in the link. This is represented

graphically in Figure 4.9.



f=a+b+c+d+e
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Figure 4.9 Using the Parallel Expander to Join Macrocells

The multiple parallel expander problem is an extension of the output sharing problem
described above. Having multiple parallel expanders allows the product terms of one seed
to be shared by potentially many other seeds. The algorithm thus requires a more

complex awareness than in Section 4.4.2.

The enhanced awareness routine starts with an arrangement of seeds and analyzes each
seed in turn. For each seed, the algorithm also analyzes the next few seeds in the
arrangement. The depth of this search is limited; after a certain point past the current

seed, no more seeds are analyzed. This is described below.

When the function of a particular seed is implemented, it will use a certain number of
macrocells. These macrocells, if they do not share product terms with any seeds, will limit
previous seeds’ ability to share with later seeds. This is shown in Figure 4.10. Thus, as
seeds are analyzed for shared product terms, a parameter called the macrocell distance is
calculated. The macrocell distance represents the number of macrocells between the
macrocell implementing the current seed and the seed that is being analyzed for product

terms. For each seed that is analyzed, the macrocell distance is incremented by the
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number of macrocells required to implement that seed. When the macrocell distance
exceeds the depth of the parallel expanders, there is no longer a connection from the
current seed to the seed being analyzed. Any shared product terms that exist cannot thus

be shared. Thus, the search stops and the process repeats with the next seed in the

arrangement.
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Figure 4.10 How Macrocells Limit a Seed’s Ability to Share

As with the output sharing problem, each seed is analyzed. The seeds after the current
seed are also analyzed and the number of shared product terms is calculated. Product
terms that are shared are not counted in the totals. The number of macrocells required is

also calculated.
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The pseudocode that implements the sharing part of the pMapster algorithm is shown in

Figure 4.11.

calc_fitness():

for i=0 to array_size(seeds)

{
cur =seedsli]; j=1; distance =0;
while(distance < numOfExpanders) && ((i + j) < array_size(seeds))
{
dest = seeds[i +]];
if(cur is shared with dest)
dest->pterms = numCube(dest)-numCube(cur);
else
dest->pterms = numCube (dest);
distance += numMacrocells(dest->pterms);
i+
}
}
for I=0 to array_size(seeds)
{
cur = seeds|l];
ptermsUsedThisArangement += dest->pterms;
macrocellsUsedThisAmrangement += numMacrocells(dest->pterms);
}

return(ptermsUsedThisArrangement, macrocellsUsedThisArangement);

Figure 4.11 Calculating Product Terms and Macrocells
(pseudocode)

4.5 Summary

In this chapter we have presented three architectural enhancements for increasing the
efficiency of the macrocells in a product term memory array. Increasing macrocell
granularity increases the speed of larger sum-of-products functions, since fewer macrocells

are required to implement the same function. Sharing the output of the macrocell with
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the next macrocell can allow similar functions to share common product terms, and
adding more parallel expanders can allow many functions that have a few common
product terms to share them. We have also shown how our CAD tool was modified to

support these architectural enhancements.
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Chapter 5

RESULTS

In this chapter, we present our experimental methodology and results. In particular, we

do the following:

1. We first validate the algorithm form Chapter 3 by comparing it to a previously

published algorithm, Hybridmap [16]. These results are presented in Section 5.2.

2. We then use our algorithm to investigate the ability of product-term memories to
implement logic. As explained in Chapter 2, all commercial FPGAs now contain
memory arrays; these memory arrays can be configured as ROMs and used to
implement logic. The Altera APEX20k architecture, however, has memory arrays
that can be configured as either a conventional memory or a product-term array.
In Section 5.3, we investigate whether the extra circuitry needed to support these
dual-mode memories is worth it. That is, we compare the ability of a conventional

memory array to that of a dual-mode array when implementing logic.

3. Tinally, in Section 5.4, we quantify the gains obtained using the architectural

enhancements and algorithmic enhancements discussed in Chapter 4.

Before these results are presented, however, this chapter will start with a description of the

experimental methodology employed.
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5.1 Experimental Setup

To evaluate the proposed macrocell architectures, we used 15 medium and large
benchmark circuits obtained from the Microelectronics Corporation of North Carolina
(MCNC). Before the benchmarks were used, they had to be optimized and mapped to
lookup-tables. Logic optimization was performed on all the benchmarks using SIS
optimization scripts seript.rugged and script.algebraic [25]. The benchmarks were then mapped

to 4-input lookup-tables using FlowMap [9].

5.2 pMapster Versus Hybridmap

In order to see how much of an improvement our algorithm represents over the previous
algorithm, Hybridmap [16], and also to validate our algorithm, we obtained results from

Hybridmap and compared them to pMapster. These results are shown in Table 5.1.
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Circuit pMapster Hybridmap
Name (post-Quartus)
Initial Final Difference | Initial Final Difference
LUTs LUTs LUTs LUTs
9sym 132 0 132 108 0 108
alu2 205 25 180 140 0 140
alu4 1406 1221 185 1042 888 154
apex2 1506 1369 137 1062 955 107
apex4 1210 1045 165 1011 910 101
apex6 307 213 94 278 120 158
apex’7 100 42 58 65 0 65
C880 189 69 120 119 26 93
cps 705 495 210 530 381 149
duke2 234 72 162 166 32 134
pair 692 580 112 545 416 129
Geo. Average 133.9 118.0

Table 5.1 Comparing pMapster and HybridMap

Identical architectures were assumed for each algorithm; 16 macrocells of 2 product terms

each, with 32 literals available to the product term generator. Mapping was done over 10

memory arrays, and the numbers reported above represent the number of lookup-tables

present in the circuit before mapping to memory and the number of lookup-tables that

remain after all memories have been used.
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A direct comparison between the algorithms is difficult since the initial number of lookup-
tables in the benchmark circuits (before applying the algorithm) do not match. This is
because the CAD flow for pMapster and Hybridmap are different. Hybridmap is applied
to the circuit before any technology mapping has occurred. Technology mapping in the
Hybridmap CAD flow occurs after Hybridmap has extracted the portions of the circuit
destined for product term implementation. Altera Quartus is then used to map the

circuits to both product term memory and lookup-tables at the same time.

In the pMapster CAD flow, FlowMap [9] is first used to map the circuit to lookup-tables.
The mapped circuit is then input to pMapster, which removes the portion of the circuit

that it has implemented in product term memory.

In order to try to make the comparison fairer, we exported our benchmark files (both
before and after mapping using pMapster) to VHDL. The exported files were then read,
compiled, synthesized and fitted to an APEX20k device by Quartus. A direct comparison
still cannot be made, since initial lookup-tables counts still do not match, but we wanted
to rule out that the differences were not due to optimizations made by Quartus. The
fairest comparison we can make with the above data is the number of LUTs each
algorithm has removed. The data in Table 5.1 show that pMapster performs better than
Hybridmap for most circuits. On average, pMapster is able to remove 13.4% more

lookup-tables from the circuit than Hybridmap.
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5.3 Product Term Memory Versus Conventional Memory

Product term mode memories are more complex than conventional memories. They
require specialized circuitry to implement the product term array and macrocells. In the
Altera APEX20K, product term is an additional mode; when this mode is turned off, the
product term memory operates as a conventional memory [15]. Thus, having product
term circuitry is an additional area and delay penalty on the underlying conventional

memory array. In this section, we seek to determine if this penalty is worth it.

In order to determine whether having product term mode is worth the area and delay

penalties, we attempted to map our benchmarks to memory under three scenarios:

1. Conventional memories available only.

2. Product term memories available only.

3. Both conventional and product term memory are available.

Scenarios 1 and 2 are valuable since these results will directly quantify any benefits of
having product term mode memories. Scenario 3 is a valid scenario considering that each
memory array can work in either conventional or product term mode; there is no
requirement that @/ memory arrays must be in one mode or the other. It is likely that for
any memory array, the best solution that the algorithm finds will be different depending
on whether the memory is in conventional or product term mode. If both modes are
available, the best solution for each mode can be compared and the better of the two

selected. An extra degree of flexibility is thus available.
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Mapping logic to conventional memory is done using the SMAP algorithm [27], whereas
product term mapping is done using the pMapster algorithm. In scenarios 1 and 2, SMAP
and pMapster are used, respectively. In scenario 3, SMAP and pMapster solutions are
computed for each memory array, and for each memory array, the better solution is

chosen.

In this experiment, the architecture was set to the original APEX20k architecture, with
none of the enhancements described in Chapter 4. Each memory array has 16 macrocells
each capable of computing a sum of 2 product terms, where 32 literals are available to the
product term generator. The above product term architecture implies a memory array of

32 columns and 64 rows, or 2048 bits.

Figure 5.1 and Table 5.2 show the results of this experiment, in graphical and tabular
forms, respectively. The data in Table 5.2 are geometric averages of the number of logic

blocks packed for each number of available memory arrays.
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Circuit pMapster SMAP pMapster + SMAP
Name 1 5 10 1 5 10 1 5 10
array | arrays | arrays | array | arrays | arrays | array | arrays | arrays

9sym 36 | 132 | 144 | 144 | 144 | 144 | 144 | 144 | 144
alu2 27 | 115 [172 |76 |151 | 173 |76 170 | 191
alud 31 153|296 | 107 | 241 |340 |107 |261 | 408
apex2 30 137|259 |21 |91 175 |30 137 | 259
apex6 17 |60 108 |16 |62 [101 |17 78 | 123
apex’ 11 41 |59 15 |48 |67 15 52 |71
bigkey |12 |46 |86 19 |51 86 19 51 |91
C5315 12 |54 101 |13 |60 |104 |13 61 114
C7552 |27  |104 [171 |16 |75 | 128 |27 104 | 178
C880 4 |65 |107 |8 37 |68 4 |65  |107
ps 34 133|249 |65 | 161 |