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Abstract—To raise performance beyond Moore’s law 
scaling, Approximate Computing reduces arithmetic 
quality to increase operations per second or per joule. 
It works on only a few applications. The quality-speed 
tradeoff seems inescapable; however, Unum Arithmetic 
simultaneously raises arithmetic quality yet reduces the 
number of bits required. Unums extend IEEE floats 
(type 1) or provide custom number systems to 
maximize information per bit (type 2). Unums achieve 
Approximate Computing cost savings without 
sacrificing answer quality. 

1    INTRODUCTION 
pproximate Computing encompasses a range of ide-
as intended to reduce numerical quality in return for 

higher speed [1]. Such techniques include aggressive 
clipping of trailing fraction bits, alternative math libraries 
that compute to lower accuracy with fewer clock cycles, 
hardware that does not propagate a carry bit when add-
ing, and so on. All of these ideas presume that better an-
swers and higher computing costs go hand-in-hand. 

In early 2015, the unum (universal number) data type 
was introduced as an extension of IEEE floats [2]. Unlike 
floats, it does not round, overflow to ±∞, or underflow to 
0, but instead uses a single bit at the end of the fraction 
field (the ubit) to indicate if a number is an exact float or 
in the open interval between floats. The improved math-
ematical behavior allows unums to be safely used down 
to precisions as low as four bits, and they adjust in preci-
sion one bit at a time, up to thousands of bits. In some 
applications, unums provide tightly bounded answers 
using fewer bits than floats. In contrast with approximate 
computing, they offer a way to simultaneously improve 
answer quality while reducing the number of bits needed. 

That form of unum is now referred to as type 1; the 
“unum type 2” completely breaks from IEEE floats to de-
sign a system for representing real numbers (and sets of 
real numbers) that maximizes information per bit with a 
Shannon-like maximum entropy approach [3]. A user (or 

a compiler) can customize the number system to fit the 
requirements of an application for accuracy and dynamic 
range, which allows unprecedented answer quality from 
a reduced number of bits. 

2 TECHNOLOGY DESCRIPTION 
Conventional floats have three bit fields: sign bit, expo-
nent, and mantissa. We prefer the term “fraction” for 
mantissa. The IEEE Standard allows a choice between 16, 
32, 64, 80, and 128 precisions, but for any precision, the 
Standard fixes the number of exponent and fraction bits, 
resulting in inefficiency for any particular application. 

Type 1 unums allow adjustable exponent and fraction 
sizes at the bit level, all the way down to a single bit. 
Fig. 1 shows an example of the economization typical of a 
unum, in this case representing Avogadro’s number. 

 
Fig. 1. IEEE Format versus Unum Type 1 Format  

Unums offer the same trade-off versus floats as varia-
ble-width versus fixed-width typefaces: Harder for the 
design engineer and more logic for the computer, but 
superior for everyone else in terms of usability, compact-
ness, and overall cost. Many examples are shown in [2]; 
here is a new example designed to stress destructive can-
cellation, a common source of accuracy loss in application 
programs. It demonstrates that economy need not reduce 
accuracy or dynamic range: With a budget of 32 bits per 
number, compute 
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starting from computer representations of the integers, !, 
and e. The correct value to seven places is 302.8827�.  

IEEE 32-bit binary floats, with a dynamic range of 
over 2.8×10!" and a nominal precision of 7.2 decimal dig-
its, produce the answer 302.9124�, correct to only three 
digits. In terms of Units in the Last Place (ULPs), the an-
swer is off by 973 ULPs, even though the expression only 
requires 9 operations. The format provides no warning to 
the user regarding this loss of accuracy. 

Approximate arithmetic, where (for example) we im-
prove hardware speed by using only 29 bits instead of 32 
and truncate numbers instead of rounding, produces the 
answer 303.0412�, which is wrong by about 0.297. Now 
only the first two digits are correct. 

010001001101111111110000101010011110100010101111110101000010011

IEEE 754 Standard 64-Bit Float representing 6.022x1023

01100110111111110000111111011

Unum representing 6.022x1023 (29 bits in this case)

sign exponent fraction

sign exponent fraction ubit esize fsize
utag
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WORKSHOP PROPOSAL FOR SC ‘16 

 

Interval arithmetic values  [a, b], where a and b are 
IEEE 16-bit floats and thus fit in the 32-bit budget, offer 
the hope of a rigorous bound on the answer, a sort of au-
tomatic error analysis. Each endpoint has only 3.3 deci-
mal digits of precision and a dynamic range of 1.0×10!", 
a considerable sacrifice of computing vocabulary for the 
benefit of a bound. It produces the very uninformative 
answer that x lies in the interval [18.21875, 33056.], a 
bound far too loose to have practical value. 

Unum arithmetic (Type 1) has adjustable ranges; with 
three bits for the exponent field length and five for the 
fraction field length, unums have a precision of up to 9.9 
decimals and a dynamic range of 2.4×10!", quite a bit 
more than offered by 32-bit floats. The number of bits per 
unum varies from 12 to 49 as needed. If we cap the range 
at 36 bits maximum, which keeps the average size per un-
um below 32 bits, we get the result that x is provably in-
side (302.75, 303). The average unum size of about 29 bits 
saves a modest amount of storage and bandwidth but 
providing a reasonably accurate answer that also conveys 
invaluable information of an absolute bound on the result. 
Notice that the Approximate Arithmetic example above 
gives an answer that lies outside this rigorous bound. 

There are many other examples for which unums pro-
vide bounds that are tighter than the inaccuracy of floats, 
using fewer bits. Unums are not restricted to applications 
that tolerate approximate computing techniques. 

3    SC CHALLENGES ADDRESSED 

A unum environment will simultaneously increase pro-
grammer productivity and make hardware more cost-
effective by addressing the following challenges: 

1. Mostly-automatic numerical error analysis 
2. Higher performance on bandwidth-limited codes 
3. Power/heat-dissipation reduction 
4. Better accuracy with less storage requirements 
5. Numerical instability made visible to user 
6. Elimination of roundoff errors that are indistin-

guishable from coding errors 
7. Bitwise identical results across platforms 
8. Parallelization of codes without numerical effects 

4 NOVELTY 
Unum arithmetic is less than three years old; some public 
descriptions were made prior to the publication of prima-
ry text on the subject in February 2015, but it is quite re-
cent that a viable alternative to the 1980s-era float format 
has been found and tested extensively. A groundswell of 
activity has started to develop libraries and convert lan-
guages and applications to use the new format. 

Type 2 unums are even more novel, having been de-
veloped only as of February 2016. MIT researchers recent-
ly announced a Julia language prototype for type 2 un-
ums [5]. Julia appears to be the ideal language for unums.  

Some quotes from Amazon.com reviews of [2] indicate 
the level of novelty of the idea: 

“…a bold and brilliant proposal for a revolutionary 
number representation system, unum, for scientific (and 

potentially all other) computers. …The book is a call to 
action for the next stage: implementation and testing that 
would lead to wide-scale adoption.”—Gordon Bell 

“…a sketch of what perhaps might be the future of 
computing.” —Ulrich Kulisch, U. of Karlsruhe 

“…an extraordinary reinvention of computer arithme-
tic and elementary numerical methods from the ground 
up… These changes are not just marginal technical im-
provements… they lead to what can only be described as 
a radical re-foundation of elementary numerical analy-
siswith new methods that are free of rounding error, fully 
parallelizable, fully portable, easier for programmers to 
master, and often more economical of memory, band-
width, and power than comparable floating point meth-
ods.” —David Jefferson, LLNL 

5 MATURITY 
Software for unums is maturing rapidly; multiple unum 
environments now exist in C, C++, Julia [4], and Python. 
The Python and Mathematica environments are particu-
larly complete environments for type 1 unums. The au-
thors are presently creating an open source C repository 
for type 2 unums. DARPA has funded unum develop-
ment efforts and has shown a strong interest in funding 
application development based on unum arithmetic. 

Native hardware is only in the planning stages, mak-
ing it difficult to benchmark unums against floats. REX 
Computing has stated plans to support unums in a future 
version of its Neo chip. The LULESH proxy code at Law-
rence Livermore National Laboratory has been ported to 
use unums instead of floats. 

Outgoing IEEE President Tom Conte has urged the 
creation of an IEEE Standard for the unum data type; the 
inventor of the format believes this is premature. 

6 RISKS 
Because unums are a superset of floats, they can already run 
any existing program that currently works with floats. The 
only downside of using them in that way is that they might 
offer no improvement but slightly increase instead of de-
crease the bits required. 

When used as bit-efficient interval bounds, there is a risk 
of falling into some of the pitfalls of traditional interval 
arithmetic that result in bounds too loose to be useful. A 
variety of ways to avoid these pitfalls are described in [2], 
but much more experimentation is needed to know whether 
tight bounds can always be achieved without expertise. 

7 CONCLUSION 
As HPC attempts ever more ambitious tasks with ever less 
access to people with numerical analysis expertise, approxi-
mate computing may be a step in the wrong direction. A 
result provably bounded to five decimals may have far more 
value than a guess that displays 15 decimals, all of which 
might be wrong. The laudable goal of using fewer bits per 
number can instead be achieved through new formats that 
maximize information per bit, and that allow the computer 
to bear more of the numerical analysis burden. �  
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