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Editor’s note:

Efficient implementation of basic, data-path circuit elements is of fundamental
importance to achieving high performance in FPGA-based acceleration of
scientific computing. This work presents a leading effort to automate the pro-
duction of pipelined data-path circuits for implementing numerical functions.
—George A. Constantinides (Imperial College London)
and Nicola Nicolici (McMaster University)
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B FPGAs ARE INCREASINGLY being considered as
application accelerators. They are especially relevant
for applications that expose parallelism and require
arithmetic operations that are not well-supported in
hardware by mainstream processors. Examples in-
clude novel cryptography algorithms, Monte Carlo
simulations requiring massive amounts of random
numbers, digital-signal processing (DSP), and many
others.

Translating an application into an optimized FPGA
design has always been a tedious task. Emerging high-
level synthesis approaches ease this task,! but they
often restrict the class of applications and trade effi-
ciency for productivity.

In this article, we address the design of parameter-
ized, pipelined arithmetic data paths for FPGAs. An
arithmetic data path is the implementation of some
function; here, we use the word function in its mathe-
matical sense: {X) = ¥ where X = x,, ..., x;_; is a set
of inputsand Y = yy, ..., y;_1 is a set of outputs. Exam-
ples of such functions include basic operations, ele-
mentary functions such as sine or exponential,
+ iy = (a+ib)(c + id)],
and even Fourier transforms.

complex multiplication [x
This mathematical function defines a reference for

each value computed by a data path implementing it.
For functions over integers or finite fields, the data
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path should return the exact same
value as the mathematical function.
For functions over real numbers, the
data path must provide an approxima-
tion. The accuracy of this approxima-
tion is constrained by the formats
chosen for the inputs and outputs, typi-
cally some fixed-point or floating-point
format. The “Data Efficiency for Numer
ical Data Paths” sidebar explains why accurate data
paths on minimal formats are key to efficient FPGA
implementations.

FloPoCo project overview

FloPoCo (Floating-Point Cores) is an open-source
C++ framework for generating arithmetic data paths;
it can be downloaded from http://flopoco.gforge.
inria.fr. FloPoCo provides a command-line interface
that inputs operator specifications, and outputs syn-
thesizable VHDL.

Each data-path generator in FloPoCo is a C++ class.
At the lowest level, the task of such a class involves
printing VHDL code to a specific C++ stream. There-
fore, FloPoCo embeds the full expressive power of
VHDL, and is relatively easy to get started with for
the VHDL-literate.

Assisted pipeline design

Arithmetic data paths, as we've defined them,
can be implemented as combinatorial functions.
One way to exploit the inherent parallelism of
FPGAs for better performance is to pipeline these
combinatorial implementations. Pipelining is con-
ceptually easy, but in practice is tedious and error
prone. The FloPoCo framework lets programmers
focus on the high-level aspects of this task, and

IEEE Design & Test of Computers



Data Efficiency for Numerical Data Paths

For FPGAs, an often overlooked measure of efficiency
is whether each of the bits carried along an application
holds useful information.

For example, consider an application that can be con-
tent with an exponential accurate to 0.4%, or 278, In soft-
ware, the smallest floating-point format available is single
precision, a 32-bit format with a 23-bit significand. The
default single-precision exponential offers a relative ac-
curacy of 2724, matching this format. This is much too ac-
curate for this application; therefore, it makes perfect
sense here to design a faster single-precision exponen-
tial, accurate to 28 only. Half of the 32 bits of the single-
precision result will contain noise instead of useful infor-
mation, but removing them from the processor data path
is not an option.

In an FPGA, however, removing output bits is an op-
tion, because data formats are far more flexible. Using
a single-precision exponential core accurate to 272
means that, out of the 32 bits passed along the data
path, 16 bits hold useless noise. Obviously, this entails

a waste of precious routing resources and registers. Be-
sides, the subsequent operators in the data path will
compute on this noise, meaning more wasted resources
and needless power consumption.

Therefore, no operator should be designed that is not
accurate to its last bit. If an application, at some point,
requires a relative accuracy of 278, then the floating-
point format it uses at this point should have an 8-bit
significand.

However, designing optimally data-efficient data
paths—that is, defining how much accuracy is required
at each point of a data path (possibly including guard
bits to absorb rounding errors)—could take consider-
able design effort. FloPoCo helps tackle this challenge
in two ways. First, it provides an expanding library of
coarse operators, which are state of the art in terms of
data efficiency. Second, all its operators are parameter-
ized by the precision and are last-bit accurate, thus en-
abling design-space exploration that includes precision
tuning.

automates the rest. The main features of pipeline
generation in FloPoCo are frequency-directed pipe-
lining, target-specific pipeline tuning, and close de-
signer control.

Frequency-directed pipelining. Pipelining involves
a trade-off between latency (number of pipeline lev-
els, or number of clock cycles needed for computa-
tion) and frequency (or throughput). Most core
generators let the user specify the latency. In FloPoCo,
however, the user specifies a frequency, and the data
path is pipelined for this frequency. This approach,
also used in recent work by Perry? is preferable be-
cause it enables composition: a large component
operating at frequency f can be built by assembling
smaller components designed to operate at fre-
quency f.

Target-specific pipeline tuning. The frequency of
a given design strongly depends on the target FPGA.
Therefore, frequency-directed pipelining must be
based on an abstract model of the FPGAs capabilities,
including timing information. FloPoCo comes with
such models for main FPGA families from both Xilinx
and Altera.
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Pipeline under close designer control. Ideally, a
designer would write only the combinatorial version
of an operator (focusing on its functionality) and let
the tools pipeline this design for a given target
FPGA and frequency*—for instance, by using retim-
ing.>® However, the frequency might dictate funda-
mental changes in the architecture, such as imposing
fast adders® or tables of precomputed values. FloPoCo
lets a designer program such architectural choices,
which entails also programming the construction of
the pipeline. However, the framework makes this task
easy and safe through high-level notions such as
cycles, synchronization, and critical path.

FloPoCo operator library

FloPoCo provides an everincreasing library of
arithmetic cores, each parameterized in size and fol-
lowing the frequency-directed pipeline paradigm.
This library includes integer, fixed-point, and float-
ing-point basic operators, sometimes in several var-
iants (e.g., large pipelined adders,® and Karatsuba
or truncated multipliers”). Some of these operators
are specialized: a squarer, for instance, is a special-
ized multiplier that saves resources. This library also
provides state-of-the art architectures for elementary
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functions—currently, exponential ® logarithm, and
power, with more to come. Finally, the FloPoCo library
also includes meta-operators:

m several generators of multipliers by a constant (an-
other example of specialization),

m two generators of polynomial evaluators for fixed-
point functions,’ and

m a floating-point data-path generator that assembles
a full floating-point data path out of pseudo-C
straight-line code.

The project website provides a full list, as well as
pointers to research articles describing most of
these components.

A motivating example

Consider a floating-point sum of squares: this data
path inputs three floating-point numbers (X, ¥ and 2),
and outputs a floating-point number for X% + Y% + Z2.

FloPoCo command line

A first option is to assemble standard floating-point
multipliers and adders. For this purpose, the com-
mand line

flopoco -target=Virtex4

FPAdder 10 36

-frequency=200

will generate synthesizable VHDL for a floating-
point adder pipelined to run at 200 MHz on a Xilinx
Virtex-4, using a custom floating-point format with
10 bits for the exponent and 36 bits for the
significand; this format is intermediate between
standard single and double precisions.

For design exploration, the four parameters in this
example (target FPGA, frequency, exponent size, and
significand size) can be changed within sensible
range. The frequency and precision are orthogonal
parameters, as they should be. The pipeline depth
is computed and reported to the user when this com-
mand is run.

More complex data paths can be obtained in sec-
onds, using the rFpripeline meta-operator of Flo-
PoCo. Assume the file sumofsquares.txt contains
the following pseudo-program:

R = X*X + Y*Y + 2*Z;
output R;
Then, the command line

flopoco -target=Virtex4 -frequency=300

FPPipeline SumOfSquares.txt 9 31

will generate the VHDL for a complete floating-point
pipelined data path.

Reconfiguring arithmetic

One of the main goals of the FloPoCo project is to
encourage FPGA designers to use arithmetic opera-
tors beyond the “one size fits all” operators that we
are used to seeing in microprocessors. Exploring non-
standard precisions is a start, but FloPoCo also offers
FPGA-specific operators—operators that will proba-
bly never make sense in a general-purpose processor
because they don’t occur often enough in general
code. We've already mentioned squarers: writing the
pseudo-program as

R = sqgr(X) 4+ sqr(Y) + sqgr(Z); output R;

lets us obtain a data path that consumes less resources
and has a slightly shorter latency.

A third option is to design from scratch, for the
function x% + y? + z2, a fused data path that

m recovers the intrinsic parallelism and symmetry of
this expression;

m fuses the data paths of the two additions;

m disposes of the logic that, in standard floating-
point adders, manages the addition of numbers
of different signs;'®

m avoids intermediate roundings and normaliza-
tions, as in Langhammer and VanCourt’s floating-
point compiler;'! and

m returns a last-bit accurate result.

Figure 1 presents this data path. Compared to the
one obtained by Langhammer and VanCourt,'! it is
better specified and embeds more optimizations,
but it took several days to write.

Tables 1 through 3 compare these three approaches
and illustrate the versatility of FloPoCo.

FloPoCo VHDL generation framework
Here, we describe the framework that enables the
construction of such versatile operators. We assume
the reader has a basic knowledge of object-oriented
concepts with the C++ terminology. Figure 2 provides
a simplified overview of the FloPoCo class hierarchy.

Operators and VHDL generation

The core class is operator: every data path
we design is an operator (i.e., inherits this
class). An operator corresponds to a VHDL entity.
Running FloPoCo constructs a list of operators
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(those specified on the com- X Y Z
mand line, and all their subcom- | | |
ponents), and then generates | unpack
the VHDL for them. EX EY EZ MX MY MZ
. . . 1 + wF 1 + wF 1+ wF
Figure 3 describes this VHDL
. squarer squarer squarer 0
generation flow. The constructor | L——— =777~ [ | foooooioiiiaoa] foaoooiiaioa] oot
method of each operator places 1
combinatorial VHDL code inthe | | ———— ——— | ------- fI/-z- A S ’r I g’rz unne
vhdl stream. At the same time, it fracSort | 2
builds up pipeline information. — V """ iMB_Sq """ T l MC_Sq
Then, the outputvepL () method e a1 MA_sq shifter shifter 3
combines the vhdl stream and - I N i B 4
the pipeline information . to -p- - /i,z e {2 e
form the VHDL code of the pipe- =k == R lebebebebbobetebebulutoletetel Anbebetetebulutalatetubuluatats Suliebetatets
lined data path. It also declares EA d6 | dad | 5
all the needed VHDL signals, Y e
entities, components, and so | Normalize, round, and pack | 6
forth; that way, the designer /er e a1
only needs to focus on the archi-
R

tectural part of the VHDL code.

Figure 4 shows an example
of basic FloPoCo code, and
Figure 5 gives the correspond-
ing generated VHDL code.
These figures describe the
upper left part of Figure 1.

Figure 1. A fused data path pipeline for the floating-point sum of squares. EX, EY,
and Ez are the exponents (of width wE bits) of the three inputs; MX, MY, and Mz are
their significands (of width 1 + wF bits). Ea, EB, and EC represent EX, EY, and EZ
after sorting, and MA_sq, MB_sq, and MC_sq represent the squares of ux, My, MZ, also
sorted according to EX, EY, and Ez. Internal precision is extended with g guard
bits, and g = 3 ensures last-bit accuracy of the result—a detailed error analysis

o ) proving this is given in the source code. The dashed lines are synchronization
Pipelining basics

A pipeline of depth n consists
of n + 1 pipeline stages (num-
bered from 0 to 6 on the right
of Figure 1), separated by syn-

barriers for one example of the pipeline.

C.hromzatlon barriers Kdaﬁshed Table 1. Productivity versus performance for x> + y* + z° on a Virtex-4 (xc4vfx100-12),
lines). In essence, pipelining | with a target frequency of £ = 350 MHz.

involves associating, with every

signal, the number of the cycle Approach**

in which it's defined (its cycle Format* (development time)** Performance*** Cost***

; ; , ilinx LogiCore our cycles, z , slices, S
attribute in FlOPOCO), then (8, 23) Xilinx LogiC (1 hour) 34 cycl 482 MH 1,356 sli 12 DSP
using this information to insert OptIOﬂ 1 (1 minute) 35 CyC|eS, 327 MHz 1,279 slices, 12 DSPs
the proper number of registers Option 2 (1 minute) 35 cycles, 333 MHz 1,043 slices, 9 DSPs
between this signal definition Option 3 (3 days) 11 cycles, 369 MHz 470 slices, 9 DSPs
and any of its later uses in the , ilinx LogiCore our cycles, z , slices, S

d y f its lat in th (11, 52) Xilinx LogiC (1 hour) 50 | 354 MH 3,074 sli 48 DSP
architecture. Option 1 (1 minute) 47 cycles, 319 MHz 3,859 slices, 48 DSPs

As code is written to the Option 2 (1 minute) 45 cycles, 322 MHz 3,137 slices, 18 DSPs
vhdl stream, a variable cur- Option 3 (3 days) 16 cycles, 368 MHz 1,866 slices, 18 DSPs
rentCycle is updated, thanks * Format is given as (exponent width, significand width).
to the manageCriticalPath () ** Xilinx LogiCore operators, assembled by hand, are provided as a reference. Option 1 is

s in Fi 4S . FPPipeline, using multipliers. Option 2 is FPPipeline, using squarers. Option 3 is the fused data
calls 1n rigure 4. ometimes, path of Figure 1.
manageCriticalPath ()increases *** All Xilinx numbers are postsynthesis results using ISE 11.5.
currentCycle, and sometimes
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target frequency.

|
Table 2. Performance versus cost (resource consumption) for x* + y* + z* on a Virtex-4, option 3, with a varying

Format Target frequency (MHz) Performance Cost
(10, 36) 200 6 cycles, 203 MHz 874 slices, 9 DSPs
100 2 cycles, 109 MHz 809 slices, 9 DSPs
50 0 cycles, 51 MHz 751 slices, 9 DSPs
(11, 52) 200 7 cycles, 187 MHz 1,285 slices, 18 DSPs
100 3 cycles, 102 MHz 1,272 slices, 18 DSPs
50 2 cycles, 64 MHz 1,130 slices, 18 DSPs

|
Table 3. Portability to different FPGAs, option 3, with a target frequency of £ = 200 MHz, for x> + y* + z°.

Format FPGA* Performance Cost**

(10, 36) Virtex-5 (xcbvfx100T-3) 5 cycles, 196 MHz 1,444 |, 762 R, 9 DSP48E
Stratix Il (EP2S515F484C3) 8 cycles, 179 MHz 1,395 L, 1,295 R, 18 9-bit multipliers
Stratix IV (EP4S40G2F4011) 4 cycles, 213 MHz 1,529 L, 792 R, 18 18-bit multipliers***

** L: look-up tables; R: registers.

* The Altera Stratix Il and Stratix IV numbers are post-place-and-route results in empty FPGAs using Quartus Il 9.1.

*** Only 9 are actually used; 9 are lost due to DSP-block 1/O constraints.

Operator Targets
+signalList
+vhdl +adderDelay ()
i +localWireDelay ()
Signal +OUtpPUtVHDL () , of
- +lutSize()
+width +emulate () A
+cycle +buildRandomTestCases ()
+lifeSpan
[ ]
Stratixl| . Virtex4 Virtex5
Shifters IntAdder FPAdder SumOfSquares TestBench
+size +wE | . +WE
+wWF +wWF
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Figure 2. Simplified overview of the FloPoCo class hierarchy.

it does not: the pipeline information is built dy-
namically, depending on frequency, target FPGA,
and so on.

This currentcycle variable serves two purposes:

m [t defines the cycle of signals appearing on the
left-hand side of <=.

m Itis compared to the cycle of any signal appearing
on the righthand side of <=, and the difference is
the number of registers that should be inserted be-
tween the declaration of the signal and its use.

For example, consider again Figure 4, and
assume the managecriticalpath() of line 27 has
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(recursively c
constructors

to know

Constructor

subcomponents

their pipeline depth)

alling
of all

C++

produces

Functional information /

vhdl stream
(combinatorial description
in structural VHDL syntax)

/ signal list
(bit width, etc.)

Pipeline information

cycle value
for each signal

is'used S ; ;
. b Operator.outputVHDL() a
1 " Yoy A ' '
' \ [N i ;
[N generation of VHDL declarations ]
v . Output file
| g /! ! entity ...
N \\ » . L port (...)
Y\ ) . / architecture ....
\ generation of VHDL register code K component . ...
\ signal ....
\‘ begin
N process (clk)
N end process
N
generation of VHDL architecture code DEXY <= ...
(second pass on vhdl stream, DEYZ <= ...
delaying right-hand side signals)
end architecture
S VHDL

Figure 3. Simplified overview of the VHDL generation flow.

increased currentcycle. In line 30, signal Ea is
used on the right-hand side one cycle after its dec-
laration in line 19. To use the synchronized version,
outputVHDL () simply replaces the right-hand-side

July/August 2011

Ea of line 30 with a_d1 in the generated code
(see line 15 in Figure 5). Here, the 1 in Ea_d1 is
computed as currentCycle — cycle (EA). Each sig-
nal also has a 1ifespan attribute, which holds its
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// The expSort box
manageCriticalPath( // evaluate the delay
target->adderDelay (wE+1) // exp. diff.
+ target->localWireDelay (wE) // wE is the fanout
+ target->lutDelay () ); // mux

// determine the max of the exponents
vhdl < declare ("DEXY", wE+1l) <
"<=('0'&EX) - ('0' &EY);" < endl;
vhdl <« declare("DEYZ", wE+1l) <
"<=('0'"&EY) - ('0' & EZ) ;" < endl;
vhdl < declare("DEXZ", wE+1) <
"<=('0'&EX) - ('0' & EZ);" < endl;
vhdl < declare("X1tY") < "<= DEXY (wE) ;" < endl;
vhdl <« declare("Y1ltZ") <« "<=DEYZ(wE) ;" < endl;
vhdl < declare("X1tZ") < "<= DEXZ (wE) ;" < endl;
// rename exponents to A,B,C with A>=(B,C)
vhdl < declare("EA", wE) < " <="
< "EZ when (X1tZ='1") and (Y1ltz='1"') else "
< "EY when (X1tY='1"') and (Y1ltz='0"') else "
< "EX;" < endl;
vhdl < declare("EB", wE) < "<="< (...);
vhdl <« declare("EC", wE) < " <=" < (...)

// the parallel subtractions
manageCriticalPath( target->adderDelay (wE-1) );

vhdl < declare("shiftB", wE-1) <

" <= EA(wE-2 downto 0) - EB (wE-2 downto 0);";
vhdl < declare("shiftC", wE-1) <

" <= EA(wWE-2 downto 0) - EC (wE-2 downto 0);";

Figure 4. Basic FloPoCo Code for exponent difference and

sorting in Figure 1.

o~ o Ul W N

e e e
o Ul W NN R O v
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DEXY <= ('0' & EX) - ('0"' & EY) ;
DEYZ <= ('0' & EY) - ('0' & EZ) ;
DEXZ <= ('0" & EX) - ('0' & EZ) ;

X1tY <= DEXY (8) ;
Y1tZ <= DEYZ(8) ;
X1tZ <= DEXZ(8) ;
EA <=
EZ when (X1tzZ='1") and (Y1ltz='1") else
EY when (X1tY='1") and (Y1tz='0"') else
EX;
EB<= (...)
EC <= (...)
--Synchro barrier, entering cycle 1--
shiftB <=
EA_d1 (6 downto 0) - EB_A1 (6 downto 0) ;
shiftC <=
EA_d1 (6 downto 0) - EC_A1 (6 downto 0) ;

Figure 5. VHDL code generated by the FloPoCo code given
in Figure 4 for wg = 8.
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maximum delay and will be used to create, in the
generated VHDL code, the required number of
new signals (here, Ea_d1 to Ea_de6) with registers
between them.

Similar techniques enable managing subcompo-
nents, such as the shifters and squarers in
Figure 1. Effective inputs are managed as right-
hand-side signals, and effective outputs as left-
hand-side signal declarations; their cycle is defined
as currentCycle, plus the subcomponent’s pipeline
depth.

This technique has many advantages:

m [t is simple to implement because it involves only
comparisons and subtractions of integers.

m It clearly separates two very different issues:
building a functional combinatorial data path
(on the left of Figure 3) and pipelining it (on
the right of Figure 3). From a combinatorial
data path, we are guaranteed to obtain a cor-
rectly synchronized pipeline with the same func-
tionality, without touching any of the lines that
define this data path (the lines starting with
vhdl < in Figure 4).

m Its complexity is linear in the size of the generated
code. Two passes are necessary. The first pass
writes the combinatorial VHDL code in the vhal
stream, and builds a dictionary of signals with
their cycle and 1ifespan. The second pass delays
the right-hand-side signals.

m It adapts to arbitrary, dynamical placement of
synchronization barriers, which we need for
frequency-directed pipelines. It also gracefully
degrades to an unpipelined, combinatorial
implementation.

m The overhead of pipeline management in the gen-
erated code is minimal (with some signal names
postfixed by _dxxx), and this code remains as
easy to read as the unpipelined version, especially
compared to a pipeline of similar flexibility
that would be written using VHDL GENERATE
constructs.

m Finally, because this technique involves only post-
processing signal names, it works for arbitrary
VHDL.

For the designer, the construction of the pipe-
line resumes managing the value of currentcycle
at each point of its C++ code, which we address
next.
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Cycle management and synchronization

We'd like to pipeline our data path for a given
frequency £ When done by hand, this task involves
identifying the critical path of the combinatorial cir
cuit, then inserting enough synchronization barriers
to split it into subpaths, each of a delay smaller
than 1/f

In FloPoCo, code generation progresses from input
to output, so the idea is to maintain an estimation of
the current critical-path delay and insert synchroniza-
tion barriers when needed. This is what manage-
Ccriticalpath() does. This function takes, as
argument, an estimation of the critical-path delay of
the logic generated by the C++ code that follows it
(up to the next manageCriticalPath()). It then
adds this argument to a variable, currentcritical-
path, and if the resulting delay is larger than 1/f,
inserts a synchronization barrier: it increments
currentCycle, and resets the critical-path delay to
its argument.

For instance, Figure 4 defines two atomic blocks
that correspond, respectively, in Figure 1, to the
expsSort box (lines 7 to 24 in Figure 4), and the
two parallel subtraction boxes (lines 29 to 32 in Fig-
ure 4). Depending on the target frequency, the code
of Figure 4 will fuse these two blocks in a single
cycle, or will insert a synchronization barrier be-
tween them.

The designer can choose the granularity of these
atomic boxes; this is a matter of expertise. Here, for
instance, we know that we are subtracting exponents,
which will therefore remain relatively small (even the
128-bit quadruple precision format has only we=15
exponent bits), so it makes sense to consider the
expSort box as atomic.

Many other high-level functions help a designer
manage currentCycle. For instance, synchronization
of several paths (as is needed at the input of the nor
malize-and-pack box of Figure 1) means advancing
currentCycle to the max of the cycle attributes of
the signals to be synchronized.

Target class hierarchy

The delays passed to manageCriticalPath() are
evaluated via methods of a target object, describing
the current target FPGA as specified by the -target
option of the FloPoCo command line. Thus, for exam-
ple, adderpelay (16) will return different values for a
Spartan-3 or a Virtex-5, and eventually the pipeline
will be deeper for a slower FPGA.

July/August 2011

As Figure 2 shows, a Target object provides meth-
ods for delay estimation (including routing), as well
as methods for architecture tuning. For instance,
Chapman’s constant multiplication algorithm is
based on FPGA look-up tables (LUTs).'? Its generic
FloPoCo implementation queries 1utsize () for the
input size of the LUTs in the target FPGA. Other meth-
ods describe the capabilities of DSP blocks and
embedded memories.

FPGA modeling is an endless effort, all the more
as new models appear each year, but the reliance
on the virtual Target class ensures that FloPoCo
data paths are designed in a reasonably future-
proof way.

Toward optimal pipelines

The general philosophy of FloPoCo’s approach to
pipelining is “best effort” Although it gets the pipeline
almost right for small operators in empty FPGAs, the
actual performance in a real application might de-
pend on subsequent optimizations by the synthesizer
and unpredictable effects, such as placement within
a larger design and routing congestion. These effects
are out of the data-path designer’s control, so it’s im-
possible to guarantee that the final circuit will run
at the desired frequency. However, targeting a higher
frequency will improve the actual frequency, and tar-
geting a lower frequency will save resources. This is
enough for design exploration.

FloPoCo pipelines should also be a good starting
point for the automatic retiming algorithms intro-
duced by Leiserson and Saxe,®*! which are slowly
being integrated into synthesis tools (after the tech-
nology mapping and related optimizations, but be-
fore place and route). Because these algorithms
work by making local modifications to the circuit,
they will converge much faster and avoid being
trapped in local extrema if they start with a good ap-
proximation of the global optimum.

Thus, we view Leiserson and Saxe’s retiming as a
back end to FloPoCo, and we view FloPoCo as
a back end to global application-level retiming
approaches such as that of Perry? The abstraction
level offered by FloPoCo (cycles and approximate
critical path) is just right for this context.

Arithmetic-based testing

The underlying mathematical nature of an arith-
metic data path can be usefully exploited toward test-
bench generation. The reference function, composed
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with some rounding to the target format, specifies the
expected behavior of the data path.

Specification-based testing

In FloPoCo, a designer can define what an operator
is supposed to compute by overloading its virtual
emulate () method. Thanks to the bit-accurate
MPFR (multiple-precision floating-point correctly
rounded) library (http://www.mpfr.org), this typically
takes about 10 lines. (Because of space limitations,
we refer to the FloPoCo source code for actual
examples.)

For any FloPoCo operator with an emulate()
method, the TestBench operator will then test its gen-
erated VHDL against its expected behavior. Millions
of test vectors can be generated automatically in sec-
onds, and this high-level approach minimizes the pos-
sibility of making the same mistake in both the
operator and its testbench.

Function-specific random testing

TestBench can generate exhaustive tests when
practical. Otherwise, it must resort to testing on ran-
dom inputs. In this case, it’s often desirable to use a
function-specific random test-case generator. Let’s
just consider two examples.

The exponential function e* very quickly overflows
and underflows. For instance, in double precision, it
overflows for x > 710, and underflows to 0 for x <
—746. 1If we test it on random inputs in the
full floating-point range (—1.8 x 10°%® < x < 1.8 x
10°%), we will statistically test mainly the underflow
and overflow logic. What is needed here is a random
generator that is biased toward the useful interval
(=746 < x < 710). We also want to bias it against
all the small inputs (Ixl < 27°° in double precision)
for which the exponential returns 1.0.

In a floating-point adder, if the difference be-
tween the exponents of the two operands is larger
than the significand size, the adder will simply re-
turn the largest of the two, and again this is the
most probable situation when taking two random
operands. Here, we must bias the random genera-
tor toward cases in which the two operands have
close exponents.

Such cases are managed by overloading the
operator method buildrRandomTestcCases (). In addi-
tion, buildstandardTestCases () specifically tests
corner cases, which even focused random testing
has little chance of finding.

THE MoST coMPLEX operator currently in FloPoCo is
the floating-point exponential operator.® It uses
shifters and adders, but also constant multipliers,
truncated multipliers, table generators, and polyno-
mial evaluators available only in FloPoCo, as well as
a lot of glue logic. FloPoCo has enabled us to manage
this complexity and provide an operator that is para-
meterized in exponent and significand size, always
last-bit accurate, automatically optimized for a
range of Altera and Xilinx targets, and pipelined to
frequencies close to the maximum practical on
these FPGAs.

We plan to use FloPoCo for ever-coarser data
paths, such as signal-processing filters. We also
hope it can be used as a back end for high-level syn-
thesis tools. We will develop both the library and
framework to address the needs of these application
fields. Potential future work also includes enhancing
the framework with floorplanning support, fixed-
point support, support of sequential circuits, and
ASIC targets. |
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