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Abstract

Reconfigurable architectures promise significant
performance benefits by customizing the configurations
to suit the computations. Variable precision for com-
putations ts one important method of customization
for which reconfigurable architectures are well suited.
The precistion of the operations can be modified dy-
namically at run-time to match the precision of the
operands. Though the advantages of reconfigurable ar-
chitectures for dynamic precision have been discussed
before, we are not aware of any work which analyzes
the qualitative and quantitative benefits which can be
achieved. This paper develops a formal methodology
for dynamic precision management. We show how
the precision requirements can be analyzed for typi-
cal computations in loops by computing the precision
variation curve. We develop algorithms to generate
optimal schedules of configurations using the precision
variation curves. Using our approach, we demonstrate
25%-37% improvement in the total erecution time of
an example loop computation on the XC6200 device.

1 Introduction

Reconfigurable hardware has the potential to en-
hance the performance of many computer applica-
tions. The hardware resources can be tuned to the
algorithm and the software overhead can be avoided
to achieve superior performance compared to conven-
tional microprocessors. Reconfigurable hardware also
possesses more flexibility than ASIC hardware and can
be utilized for a more diverse set of computations.

*This work was supported by the DARPA Adaptive Comput-
ing Systems Program under contract DABT63-96-C-0049 mon-
itored by Fort Hauchuca.

There are several methods of generating custom hard-
ware configurations suited to the computations to be
performed. The ability to perform variable precision
arithmetic is one of the significant advantages of re-
configurable hardware.

Reconfigurable hardware such as FPGAs [14, 16]
and various custom computing machines (CCMs) [2,
4,9, 15] contain fine-grained configurable resources.
Such fine-grained configurable logic can be utilized to
build computing modules of various sizes. The mod-
ules can be built to perform computations on various
bit-widths. For example, it is possible to build a stan-
dard 16-bit x 16-bit multiplier or a 8-bit x 12-bit multi-
plier using reconfigurable hardware. The 8-bitx12-bit
multiplier would consume less area and execute faster
than the standard 16-bitx16-bit multiplier. In con-
figurable hardware, using higher precision usually re-
sults in wastage of resources such as logic area, time
and power. For example, performing 32-bit multi-
plications when the operands have only 8 significant
bits will typically require 16 times more area and 4
times more execution time. Redundant computations
also expend more clock cycles and increase the power
consumption. The ability to construct modules of re-
quired precision is one of the key advantages of recon-
figurable hardware. Variable precision computations
can be implemented by using a static approach. In
the static approach, the precision of the operands and
operation is fixed at compile time and can be different
from the standard precision(e.g. 8-bit, 16-bit, 32-bit,
etc.) used on microprocessors. Reconfigurable archi-
tectures also support dynamic precision, which is the
ability of the hardware to change its precision at run-
time in response to variant precision demands of the
algorithm.

Applications are typically developed to perform op-
erations on standard 32-bit variables. The precision of
the operands and the operations is sufficient to guar-
antee the correctness of the operations in the worst



case. But in most applications, the actual precision
required for computations is usually much lower than
the precision implemented. This is typically the case
in computations which accumulate values as the com-
putations progress, as in iterative computations such
as loops. The precision of the operands increases as
the iterations of the loops progress. Loop computa-
tions offer the most potential for pipelining and paral-
lelizing in most applications. Configurable hardware
is an excellent match for computations with fine-grain
pipelining and parallelism. In addition to the perfor-
mance benefits obtained by mapping of computations
in a loop onto configurable hardware, loops can also
take advantage of variable precision.

Applications are currently mapped to reconfig-
urable hardware either by high level behavioral com-
pilers or exhaustive hand-tooled designs. To extract
the performance advantages of configurable hardware
for variable precision, the trade-offs in performing
computations using a very high precision versus chang-
ing the precision of computations as the execution pro-
gresses need to be evaluated. Performing this analysis
by hand and tuning the implementation to the require-
ments of the application entails significant effort on
the part of the designer. Dynamic precision manage-
ment can result in implementations with lower exe-
cution times, logic area and power consumption com-
pared to previous approaches.

For managing dynamic precision in loop compu-
tations, intelligent choices on the use of appropriate
modules from the available set of modules with differ-
ent precision need to be made. These configurations
then have to be scheduled to achieve optimal execu-
tion schedule. We consider a schedule to be optimal if
the schedule has minimum total execution time, which
includes both the execution time in various configura-
tions and the reconfiguration time between configura-
tions. Automatic computation of the actual precision
and configurations to be utilized in the computations
is the focus of this paper. Currently, a framework
for managing dynamic precision computations for any
class of computations does not exist. We develop such
a framework for loop computations in this paper.

In Section 2 we give an overview of our approach to
the dynamic precision management problem. Each of
the steps in our approach are then described in de-
tail in the later sections. Analysis of the required
precision for loop computations is discussed in Sec-
tion 4. Section 5 describes our Hybrid System Ar-
chitecture Model(HySAM) of reconfigurable architec-
tures. The variable precision loop mapping problem is
defined and our Dynamic Precision Management Al-

gorithm(DPMA) for computing the optimal schedule
is presented in Section 6. We illustrate the utility of
our approach by showing an example mapping in Sec-
tion 7. Conclusions and some related problems are
discussed in Section 8.

2 Overview of Our Approach
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Figure 1: Overview of our approach for dynamic preci-
sion management in loops(shaded and rounded regions
indicate our contributions)

This paper details an approach to managing the
task of adapting the precision of the implementation
to that of the application. An overview of our ap-
proach is shown in Figure 1. We focus our efforts on
dynamic precision management for loop computations
since they are the most compute intensive tasks in
typical applications. For the loop computations in ap-
plications, we describe an approach to determine the
required precision using theoretical analysis and run-
time instrumentation. The required precision for the
computations in a loop can be expressed as the varia-
tion in precision as the iterations of the loop progress.
We introduce the concept of the precision variation
curve to represent this variation. The precision varia-
tion curve for the operations and operands in the loop
can be identified either by theoretical analysis or by
run-time analysis as described in Section 4.

Given the required precision for the iterations of
the loop, we need to determine the mapping of the
iterations to a set of configurations which are used to



execute the operations in the loop. For each itera-
tion the precision of the configuration which executes
the iteration should be equal to or greater than the
required precision for that iteration. The configura-
tions are chosen from the set of library components
or parameterized modules that are provided for the
architecture.

Given the requirements for the precision of the com-
putations and the available module configurations,
we compute the set of configurations and the sched-
ule of reconfigurations. We compute these by de-
veloping algorithmic techniques for precision manage-
ment. First, we develop an abstract model of reconfig-
urable architectures, the Hybrid System Architecture
Model(HySAM). This parameterized abstract model
is general enough to capture a wide range of config-
urable systems. We define the precision management
problem in loop computations using our model. A
dynamic precision management algorithm is then de-
veloped to compute the optimal sequence of configura-
tions for minimizing the total execution time including
the reconfiguration time.

3 Related Work

There has been significant research in the area of
mapping applications to configurable computing in the
last decade [2, 5, 8, 15]. Customizing configurable
hardware to suit the computations has been acknowl-
edged as the most significant advantage of such archi-
tectures. Some researchers have adapted the hardware
to perform computations with exactly the required
precision for the computations [11, 13]. Such static
approaches do not exploit the ability of configurable
hardware to be adapted to the exact required precision
as the computations progress. The maximum possi-
ble precision of variables which is determined in the
static approach can still involve execution with super-
fluous precision and unnecessary overheads. Several
efforts have also focused on developing parameterized
libraries and components, precision being one of the
parameters. Most FPGA device vendors provide such
highly optimized parameterized libraries for their ar-
chitectures. Efforts have also been made to generate
such modules using high level descriptions [3, 6].

We are not aware of any formal framework to study
and analyze the dynamic precision variation in appli-
cations. Algorithmic techniques to utilize configurable
computing to dynamically vary the precision of com-
putations have not been demonstrated previously.

4 Precision Requirement Analysis

The precision required for the computations in an
application might not only vary with the specific op-
eration but also change as the execution progresses.
For iterative computations in which values are accu-
mulated over the execution time of the application,
the precision varies as the iterations progress. Loop
computations are the most typical iterative computa-
tions which show such behavior. In addition to the
varying precision, loops are the most compute inten-
sive tasks in a program. In this paper we focus on
the varying precision of operations in loop computa-
tions. This variation can be measured by analyzing
the variation of the precision of the operands and the
operations as the iterations progress. We represent
this variation in terms of the loop iterations by using
the precision variation curve.

4.1 Precision Variation Curve

The precision variation curve facilitates the repre-

sentation of the notion of the variation in the precision
of the operands and the operation as the execution
of the loop progresses. A simple method to repre-
sent such a variation is to indicate the precision of the
operand for each iteration so that the precision is de-
fined for the whole iteration space. But as we shall
show in the subsequent sections, the precision usually
varies very slowly as the iterations progress. Thus the
precision variation curve can be represented by spec-
ifying the points where the precision of the operands
or the operation changes.
Definition: The precision variation curve for a given
operation or operand in a loop computation can be
represented by the sequence <L;, P;>, where 1<i<u+
land Lyy1 = N+ 1. For 1 < i < u, F; is the min-
imum precision required for the computing the itera-
tions L;...Liy1 — 1. Note that the hardware has to
support at least a precision of P; to execute the itera-
tions L; ... L;41 — 1 and produce the correct result.

Examples of precision variation curves are shown
in Figure 3. We develop theoretical and run-time in-
strumentation methods for determining the precision
variation curve in the next two sections.

4.2 Theoretical Analysis of Loops

We can theoretically determine the precision varia-
tion curve for the operations in a given computation.
The precision of computed variables in a loop is de-
termined by the precision of the variables before the
iteration, the number of iterations and the operations



DO 10 I=1,N
DO 20 J=1,N
RSQ(J) = RSQ(J)+XDIFF(I,J)*YDIFF(I,J)
20 IF (MAXQ.LT.RSQ(J)) THEN
MAXQ = RSQ(J)
POVERR = POVERR / MAXQ
10 VIRTXY = VIRTXY + MAXQ * SCALE(I)

Figure 2: Example code for simulations

performed on the variable. For each type of arithmetic
operation, the maximum possible precision of the re-
sult can be expressed using the above values. For ex-
ample, the precision of a variable X (initially 0) after
N iterations of a loop which contains the statement

X = X + (' is bounded by
Pr(X) < Pr(C)+log(N +1)

where Pr(X) denotes the bit size of the variable X.
The analysis 1s not limited to simple expressions, but
extends to complex arithmetic expressions in loops.
For recursive expressions in loops where the value of
the variable X in iteration 7 is given by X, if

X, = *le—l—CQ *XjQ—l—...—l—Ck *Xjk :E;zlfcl*le

then the upper bound on the precision of X; is given

by
Pr(X;) < (i—1)*logC+ (i — 1) xlogk + Pr(X;)

where C' = maz[eq, ca,. .., cx], the maximum of the
constant coefficients.  Similarly, for the expression
X = X x ', the upper bound of precision for X with
an initial value 1 and after N iterations is given by

Pr(X) < N * Pr(C)

The precision variation curve can be computed the-
oretically for all expressions in loops which are polyno-
mials of variables and constants. Since most scientific
applications consist of many such computations, the-
oretical analysis can be performed for all such compu-
tations. It 1s to be noted however, that such an anal-
ysis is not entirely feasible for floating point computa-
tions. But the analysis can be performed for integer
and fixed point data and computations. This does not
limit the applicability of the analysis or the algorithms
we present later as many signal and image processing
computations and several benchmark problems oper-
ate on integer and fixed point data. The remaining
computations can be implemented with their default
maximui precision.

Precision Variation Curve
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Figure 3: Precision Variation Curves for RSQ using
theoretical and run-time analysis

4.3 Run-time Analysis

Theoretical analysis of expressions in loops com-
putes the upper bounds on the precision of the vari-
ables and computations. This determines the mini-
mum precision required to represent these variables.
The estimates using theoretical analysis are conser-
vative and can usually be much higher than the ac-
tual precision of the operands. For example, us-
ing the above analysis for the Fibonacci series X; =
X;_1+ X;_2, we obtain Pr(X;) = i — 1 and hence,
Pr(Xi15) = 14. But, X35 = 610 which needs only
10 bits. Even in the case when the bound is actually
tight for expressions, the actual precision might be
lower than theoretical estimate. This can occur when
the data inputs are assumed to have maximum preci-
sion, but are actually randomly distributed over the
complete input range. Using theoretical analysis can
provide significant performance benefits by dynamic
precision management. We discuss below how these
benefits can be augmented by using profiling based
analysis.

For example, consider the code segment shown in
Figure 2. We performed simulations with uniformly
distributed random values for the 8-bit non-negative
data inputs XDIFF and Y DIFF. The precision of
the RS@ variable was measured by tracing the ear-
liest iteration in which a new higher significant bit
was set. Since the maximum bits in the result of
XDIFF(I,J)«YDIFF(I,J) are 16, the iteration in
which the kth most significant bit of the result is set
is given by 28716, The precision variation curves ob-
tained using the theoretical and run-time analysis are
plotted in Figure 3. The actual precision required for
the computations is significantly lower than the theo-
retical estimate as evident from the graph.



This run-time measurements illustrate a very im-
portant advantage in exploiting variable precision
computations. The actual X DIFF and Y DIFF val-
ues have significantly lower precision than the max-
imum possible precision of 8 bits. The assumption
of maximum precision for all the input X DIFF and
Y DIFF values has a rolling effect on precision of
other operands and operations. The repeated accu-
mulation of the product of these numbers results in a
precision difference in the final values which is much
larger than the precision difference for one value. It
is clearly revealed in simulations where the actual re-
quired precision is much lower than the theoretical
precision.

For computations which do not have a tight bound
on the precision and for computations with complex
control flow, computing the required precision by us-
ing run-time statistics is a viable alternative. The ap-
plication can be instrumented to measure the precision
of the different variables and the knowledge can be
utilized by the mapping tool or the compiler to iden-
tify the required precision at various program points.
Though we do not address the run-time mapping is-
sues 1n this paper, it is also possible to determine
the precision of the operands and the operations by
examining the values at run-time and modifying the
precision of the operations on the fly. In this pa-
per we focus on run-time precision management based
on the knowledge of the required precision at com-
pile(mapping) time. The required precision can either
be analyzed automatically or can be user specified.

5 Hybrid System Architecture Model
(HySAM)

To realize a formal framework for algorithm devel-
opment, we developed the Hybrid System Architecture
Model(HySAM) of reconfigurable architectures. The
Hybrid System Architecture is a general architecture
consisting of a conventional microprocessor with addi-
tional Configurable Logic Unit(CLU). Figure 4 shows
the architecture of the HySAM model. The architec-
ture consists of a conventional microprocessor, stan-
dard memory, configurable logic, configuration mem-
ory and data buffers communicating through an inter-
connection network.

Key parameters of the Hybrid System Architecture
Model(HySAM) are outlined below.

F : Set of functions Fy...F, which can be per-
formed on configurable logic.

RISC Memory

Interconnection
Network

\

Data Buffers

Configurablé —
Logic Configuration
Unit Cache
Figure —4: Hybrid  System  Architecture
Model(HySAM)

C' : Set of possible configurations C ...C,, of the
Configurable Logic Unit.

Pr(C;) : Precision of the configuration Cj.

t;; : Execution time of function F; in configuration

Cj.

R;; : Reconfiguration cost in changing configuration

from Cj to Cj.

The parameterized HySAM models a wide range
of systems from board level architectures to systems
on a chip. Such systems include SPLASH [2], DEC
PeRLE [15], Oxford HARP [5], Berkeley Garp [4],
NSC NAPA1000 [9], Sanders CSRC [10] among others.
The values for each of the parameters establish the
architecture and also dictate the class of applications
which can be effectively mapped onto the architecture.
For example, a system on a chip architecture would
have potentially faster reconfiguration times(lower k
and K) than a board level architecture.

The set of functions(F') is the set of modules or li-
brary components which are available or implemented
for the given architecture. Configurations(C) are de-
veloped by mapping one or more of such functions
onto the available hardware architecture. A single
function can have multiple configurations which can
potentially execute the function. Each of the config-
urations might have different algorithm, area, preci-
sion, time and power characteristics. For example, a
function such as division can be implemented using
different algorithms such as iterative multiplication or
iterative subtraction in different configurations. The
execution time of a function F; in a configuration Cj
is given by t;;. The cost of reconfiguring the hardware
from a configuration C; to a configuration C is given
by R;;. The reconfiguration cost includes the cost of



memory access for the configurations, the configura-
tion data transfer cost and the cost of activating the
configuration on the hardware.

5.1 Configurations for Variable Precision

Efficient modules are being developed by hand de-
sign, by automatic mapping and by generators [3, 6].
Modules for executing computations with a specified
precision have also been explored. Some of the mod-
ules are parameterized which facilitate the construc-
tion of a configuration which can execute a compu-
tation of any given precision within a range of val-
ues. They are usually either statically developed de-
signs such as the Xilinx LogicBlox or dynamically con-
structed using generators [3, 6]. The modules are usu-
ally optimized to exploit the nature of the computa-
tion for any given precision. Modules designed for
specific architectures also exploit the hardware fea-
tures which are available to enhance performance. For
example, addition and multiplication modules exploit
the carry chains available at nibble or byte boundaries
in many FPGA architectures.

In this paper we assume that the set of modules
which can execute the required arithmetic operations
are available. Each function(such as multiplication)
can have several configurations, each of which exe-
cutes the operation with different precision. It is not
necessary that a given operation have configurations
which execute the operation with all the possible pre-
cision values. Note that each configuration is limited
to the execution of one function in this paper though
the HySAM model is actually more powerful. Hence,
we represent #;; as {¢; is the rest of the paper.

6 Dynamic Precision Management

Given the precision variation curve for the loop, we
need to determine the mapping of the iterations to a
set of configurations which are used to execute the op-
erations in the loop. For each iteration, the precision
of the corresponding configuration which executes the
iteration should be equal to or greater than the re-
quired precision for that iteration. But, reconfiguring
the hardware whenever the required precision changes
can result in significant reconfiguration overheads. For
architectures in which the reconfiguration times are
much higher than the execution times, the reconfig-
uration overhead might be prohibitive. Thus, it is
necessary to identify the optimal set of configurations
which result in minimization of the overall execution
cost, including the reconfiguration cost. Also, the set

of configurations which are available for executing an
operation might not encompass all the possible preci-
sion values that are required. Some of the operations
will have to be executed with more precision than is
necessary in the absence of configurations with the ex-
act precision.

We present the Precision Management Problem and
the Dynamic Precision Management Algorithm based
on the following assumptions:

e Higher precision computations require more re-
sources such as power, logic area and computa-
tion time(tc,).

e The required precision for the computations
varies monotonically. This is true for most com-
putations which accumulate values as the loop it-
erations progress. The algorithms we describe can
be applied to monotonic subsequences with opti-
mal schedules for each subsequence individually.

e The algorithm determines the optimal schedule
for a given precision variation curve. When the
actual variation is different from the precision
variation curve, the schedule might not be op-
timal.

Precision Management Problem(PMP)

Input: An operation in a loop with N iterations of
the loop body and the precision variation curve for
the operation. The precision variation curve is given
as a sequence of pairs <ZL;, P;>, where 1<i<u+1 and
Lyt1 = N 4+ 1. For 1<i<u, F; is the minimum preci-
sion required for computing the operation in iterations
Li...Liy1 — 1.

Output: An optimal schedule of configurations
S =<Q;,C;>, where 1<j<v+1and Qyy1 = N + 1.
For 1<j<w, C} is the configuration used for iterations

Q. Qiy1—1.

A schedule S is said to be valid if it satisfies the preci-
sion requirement for all the iterations of the loop, i.e.,
VK st. 1<K <N, if

Pry = F;, forsomeisd. Ly <K <Ly
Pro = Pr(C;) for some j st. Q; < K < Qjt1

then Pry < Pro (see Figure 5).

An optimal schedule has the minimum total execution
cost F which includes the reconfiguration cost among
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all valid schedules. The cost of a schedule is given by

E= [(Qj+1—Q)) x to, + Rj_1j]

j=1

where t¢; is time for executing one iteration of the
loop in configuration C; and R;_1; is the reconfigura-
tion cost between configurations C;_, and Cj. O

To minimize the total execution cost, both the exe-
cution cost and the reconfiguration cost have to be ex-
amined. The set of configurations and the schedule of
reconfigurations need to be determined. We first show
that the points of reconfiguration are the subset of the
points where the required precision changes, i.e., @ C

L, where @ ={Q1,...,Q,} and L = {Ly,..., Ly}.

Lemma 1. Given the definitions in the PMP prob-
lem, the schedule S of configurations satisfies the prop-
erty Q C L.

Proof: Assume that @ € L in the optimal schedule S.
Then there exists at least one point of reconfiguration
which is not a point of change of required precision.

Without loss of generality,
Qi1 <L 1 < Qi < Ly < Qi

Consider the schedule S” where the configurations are
the same as S but the reconfiguration points are dif-
ferent:

S=[Q1...Qi-1QiQi+1Qit2 ... Qn]
S = [@1 .. Qio1 L Qip1Qign .. - Qn]

tc, 1s the cost of executing one iteration in configu-
ration (. Since we assume precision variation to be
monotonic, Pr(Ciy1) > Pr(C;) and tc,,, > tc,. The
difference in execution cost of the two schedules is

(tei(Lj — Qim1) + ey (Qivr — L))
—(te, (Qi — Qi—1) + teiy, (Qip1 — Q1))
= te,(Lj —Qi-1 — Qi + Qi)

e (Qigr — Ly — Qig1 + Qs)
= (le. —tog) (L — Qi)
< 0

S-S =

Since L;>Q; and t¢,<tc,,,, 5" — S<0. The new
schedule has lower cost and hence a schedule with re-
configuration points which is the subset of the preci-
sion change points has lower execution cost. Since S

is the optimal schedule our assumption must be incor-
rect. Hence, ) C L. O

6.1 Precision Management Algorithms

To determine the choice of configuration at each L;,
we can use a greedy approach where the best configu-
ration with the required precision 1s chosen at each L;.
The best configuration C;(C; € C1,...,Cy) is given
by the configuration which has the lowest execution
cost tc,. But the greedy algorithm will not provide
the optimal solution due to two reasons:

e The greedy approach does not consider the recon-
figuration costs which are incurred at future re-
configuration points. A configuration with higher
execution cost might have a lower reconfiguration
cost at the next step, making it a better choice
for executing the given iterations.

e With significant reconfiguration costs, it is possi-
ble that we use a higher precision configuration
than required(even if exact precision configura-
tion is available in ('), to avoid a reconfiguration
step in future. The greedy approach does not con-
sider this case and thus can result in non-optimal

schedule.

In the following, we present an algorithm based
on dynamic programming which computes an optimal
schedule having the minimum execution cost including
the reconfiguration cost.

Dynamic Precision Management Algorithm
(DPMA)

Let E;; be the execution cost for executing up to L;
iterations with C}; being the last configuration. The



initial values of I are assigned as Fo; = 0,1 <j < m.
For each of the possible configurations C; which can
execute iterations from L; we have to compute the
optimal sequence of configurations ending in C};. For
1 < j < m, we compute Fj; by using the recursive
equation:

(Liyr — Li) x te; + ming (B + Rij)
1<k<m

Eiyyy =

= oo otherwise

For each configuration, we have examined all the
possible paths in executing the iterations L; ... L;41 —
1 once we have executed iterations 1...L; — 1. Note
that we examine all configurations such that Pr(C;) >
FP; which assures that we consider the case of using a
higher precision than required(Pr(C;) = P;). If each
of the values Fj; is optimal then the value Fjiq; is
optimal. Hence we can compute the optimal schedule
of configurations S by computing the E;; values. The
minimum cost for execution of the loop is given by
minj [Eu]]

We can use dynamic programming to compute the
E;; values. Computing one Fj; value takes O(m) time
since there are m configurations. The total number of
values to be computed is O(um), therefore the total
time complexity of the algorithm is O(um?). O

7 An Illustrative Example

We illustrate our approach by mapping the mul-
tiplication operation from the example code segment
presented in Figure 2.

DO 10 I=1,N

10 VIRTXY = VIRTXY + MAXQ * SCALE(I)

The input data SCALE(I) is an 8-bit integer. The
precision of M AX (@ has been analyzed in Section 4.3.
We present the same result in the form of a table in
Table 1.

We have abstracted the Xilinx XC6200 series de-
vice by using our model. The parameters specified
are for the HySAM model and have been evaluated
from XC6200 documentation [16, 7]. The footprint of
each precision 1s given by the equation 4 X row x col,
where row and col are the precisions of the two in-
puts. For the configurations relevant to mapping the

P L; L P L; L
Pr | Theore- | Simu- Pr | Theore- | Simu-

tical | lated tical | lated
16 1 1 22 64 195
17 2 2 23 128 412
18 4 5 24 256 897
19 8 14 25 512 -
20 16 35 26 1024 -
21 32 87

Table 1: Theoretical and simulated iteration numbers

for N = 1024

Configuration | Precision Time | Reconfig.
C; Pr(Cy) te, (ns) | Ros (ns)
&) 8% 8 140 5120
Cy 8 x 16 250 10240
Cs 8 x 20 300 12800
Cy 8 x 24 400 15360
Cs 8 x 28 520 17920
Cs 8 x 327 *640 20480

Table 2: HySAM model parameters for XC6200 mul-
tiplier configurations(* values are estimates based on

X (6264 device)

given operation, row is 8. Reconfiguration times are
based on a 32-bit data bus running at 50MHz. It is
possible to design modular configurations which can
be reconfigured in lesser time using partial reconfigu-
ration. For this mapping, we assumed that complete
reconfiguration is needed for each configuration. The
parameters for various multiplier configurations with
different precisions are listed in Table 2.

We measured the total execution time for the loop
computations using five different approaches. The
first two approaches do not exploit the dynamic pre-
ctsion by varying the precision of the operation at
run-time. The different approaches and the schedule
of configurations(<@;,C;>) in each approach are de-
scribed below.

e Raw: The first approach uses a static configura-
tion of 8bit x 32bit precision for all the iterations
of the loop.

Schedule: <1,C6>

e Static: We utilize the theoretical analysis where
we determine that the highest precision required
for 1024 iterations 1s only 8bit x 28bit. But the
configuration is still static and 1s used for all the
iterations.

Schedule: <1,C5>



e Greedy: We used the greedy algorithm (see Sec-
tion 6.1) to compute the schedule of configura-
tions to be utilized for the computations. The
precision of the operation is varied dynamically
but the greedy choice is based on the lowest exe-
cution time for each configuration.

Schedule: <1,05>,<2,03>,<32,C4>,<512,C5>

e DPMA: Our dynamic precision management al-
gorithm was utilized to compute the optimal
schedule using the precision variation curve. This
approach uses higher execution cost configura-
tions for some of the computations but reduces
the overall execution cost by performing lesser
number of reconfigurations.

Schedule: <1,04>,<512,C5>

¢ DPMA-run: In this approach we performed
run-time analysis of the loop and utilized the pre-
ciston variation curve from the run-time analysis
as the input to the algorithm. This approach can
be implemented easily by adding a run-time check
of the precision, which needs very small amount
of additional logic and no extra clock-cycles if the
precision remains within the run-time statistics.

Schedule: <1,C,>

Algorithm | Execution | Reconfiguration | Total
Time (ns) Time (ns) (ns)
Raw 655360 20480 675840
Static 532480 17920 550400
Greedy 468010 56320 524330
DPMA 471160 33280 504440
DPMA-run 409600 15360 424960

Table 3: Execution times using different approaches

The execution times including the reconfiguration
times are summarized in Table 3. The approaches us-
ing dynamic precision achieve significantly lower ex-
ecution times compared to the Raw and Static ap-
proaches. We noticed that our DPMA algorithm ex-
ecuted all the iterations of the loop in the minimum
time for the theoretical and run-time precision vari-
ation curves. The DPMA-run achieves significant
speed-up by exploiting the fact that 28-bit precision
1s never required.

8 Conclusions

This paper has developed a framework for dynamic
precision management for loop computations. We

have shown how the variable precision in computa-
tions can be captured by using the precision variation
The paper described our approach to com-
puting the precision variation curve using theoreti-
cal and run-time analysis. The information obtained
from these analyses is used to develop optimal sched-
ules for dynamic precision management. The DPMA
algorithm that we have developed can compute the
required optimal schedule for a given operation in a
loop using the precision variation curve and the set of
variable precision configurations. Our Hybrid System
Model(HySAM) of reconfigurable architectures facili-
tates the development of these algorithms using a high
level abstract model. The paper illustrated the per-
formance benefits achievable for an example loop com-
putation using our approach. We expect that the pro-
posed approach can lead to significant improvement in
performance and automatic mapping of variable pre-
cision computations on reconfigurable architectures.

curve.

The dynamic precision management framework
gives rise to a wealth of issues which can potentially
provide enormous benefits to mapping computations
onto configurable hardware. Bit-serial and digit-serial
computations are one class of computations which can
exploit dynamic precision without large overheads.
The control component of the design needs to exe-
cute the configurations for a variable number of steps
based on the required precision. Run-time precision
management where the control modifies the precision
of the computations are being explored. Configurable
logic can be utilized to execute multiple iterations of
loops in parallel in the absence of dependencies. Re-
duction of the logic resources due to dynamic precision
management can be exploited to execute more num-
ber of iterations in parallel. Multi-context devices and
configuration caches can be utilized to reduce the re-
configuration overheads by storing variable precision
configurations.

The work reported here is part of the USC MAARC
project(http://maarc.usc.edu). This project is devel-
oping algorithmic techniques for realizing scalable and
portable applications using configurable computing
devices and architectures. We are developing com-
putational models and algorithmic techniques based
on these models to exploit dynamic reconfiguration.
Some recent related results can be found in [1, 12].
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