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Arithmetic approximation is used to decrease the latency of an arithmetic circuit by short-
ening the critical path delay or the sampling period so that result is not guaranteed to be
correct for every input combination. Thus, an acceptable compromise between the circuit
latency and the average probability of correctness drives the circuit design. Two methods

of arithmetic approximation are:

temporally incompleteness where circuits quote the result before the critical path de-

lay (overclocking); and

logically incompleteness where circuits use simplified logic, so that most input cases

are calculated correctly, but the slowest cases are calculated incorrectly.

Arithmetic data value speculation (ADVS) is a speculation scheme based on arithmetic
approximation, and is used to increase the throughput of a general purpose processor. ADVS
is similar to branch prediction, an arithmetic instruction is issued to an exact arithmetic
unit and an approximate arithmetic unit which provides an approximate result faster than
the exact counterpart. The approximate result is forwarded to dependent operations so
they may be speculatively issued. When the exact result is eventually known, it is compared
to the approximate result, and the pipeline is flushed if they differ.

This thesis, “Arithmetic Data Value Speculation”, presents work in the field of digital arith-
metic and computer architecture. A summary of current probabilistic arithmetic methods
from the literature is provided, and novel designs of approximate integer arithmetic units
are presented, including results from logical synthesis. A case study demonstrates approx-
imate arithmetic units used to increase the average throughput of benchmark programs by
speculatively issuing dependent operations in a RISC processor.

The average correctness of the approximate arithmetic units are shown to be highly

data dependent, results vary depending on the benchmarks being run. In addition, the



Abstract

average correctness when running benchmarks is consistently higher than for random in-
puts. Simulations show that many arithmetic operations are often repeated in the same
benchmark, leading to a high variation in correctness. Speculative gains from one opera-
tion can be offset by speculation losses due repeated incorrect approximation of another
approximate unit, so typical throughput gains through speculation in a general purpose
processor pipeline are low. The minimum threshold correctness of an approximate arith-
metic unit used for speculation is shown to be approximately 95%. Logic synthesis is used
to determine power, area and timing information for approximate units implemented from
novel algorithms, and show a reduction in arithmetic cycle latency for integer operations,
and the expense of 50 % leakage and area, and 90 % dynamic power.

Value speculation can be complemented by result caching; repeated pipeline flushes can
be avoided if the correct result is know before speculation, the average operation latency

can be reduced, and caching can be used for operations that are difficult to approximate.

vi
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adaptive differential pulse code modulation

average worst-case carry length, in bits

additive white gaussian noise

International Telegraph and Telephone Consultative Committee
complementary metal oxide semiconductor

discrete fourier transform

floating point

Efficient Pyramid Image Coder

full adder

fast fourier transform—an efficient algorithm to compute the discrete

fourier transform (DFT) and its inverse.

Global System for Mobile communications: originally from Groupe Spé-

cial Mobile

half adder

Institute of Electrical and Electronic Engineers
integer

instruction set architecture

Joint Photographic Experts Group
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Mathematical notation

f(n) € O(n)

f(n) € Q(n)

f(n) e Q(g(n))

f(n) < g(n)-k, fisbounded above by g (up to constant factor) asymp-
totically

f(n) > g(n)-k, fisbounded below by g (up to constant factor) asymp-
totically

g(n) -k < f(n) < g(n) - ky, f is bounded both above and below by g
asymptotically

floor(x), greatest integer < x
ceiling(x), least integer > x
probability of correctness for a multiplier

probability of correctness for a counter

Standard notation

N
an
l
PC
SP

Multiplication

Number of bits in an operand; word length
Average worst-case carry length for N bit addition
Length in bits of a carry-chain in an adder
Program Counter register

Stack Pointer register

number of input bits to a counter



Nomenclature

m

Division

v

€

J 4

j2%)

number of output bits from a counter

dividend

divisor

exact quotient after division g = z/d

least binary power greater than or equal to d

greatest binary power less than or equal to d
approximate divisor

log,(d), or the number of zeros after the MSB of d
quotient after round i

remainder after round i

error in g; after round i

number of bits in the unsigned binary representation of z and d
number of bits in the quotient, g

maximum number of division rounds

number of fractional bits maintained in g;

constant multiplicand in the division round: m = d - d

most significant non-zero partial product in the binary multiplication

rixm

after p;, the next most significant partial product in the binary multi-

plication r; x m
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