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Quantum computers promise to revolutionize infor-
mation processing, provided they can be implemented
with sufficiently small errors for the output to be
reliable with an efficient overhead1. For quantum
computers to be useful and reliable, estimating errors
in quantum circuits has to use fewer classical compu-
tational resources than simulating an ideal quantum
computer.

In this talk, I will discuss the primary ways of
quantifying errors E in quantum circuits, namely,
the average gate infidelity r(E) and the diamond
distance from the identity ε�(E) 2, and how they can
be used to estimate the total error rate in a given
circuit3. I will then discuss how these parameters can
be estimated using randomized benchmarking4and pu-
rity benchmarking5by averaging outcome probabilities
over random circuits of the form illustrated in Figure 1.

I will conclude by discussing how ideas from random-
ized benchmarking can be used to reduce the error
rate in quantum circuits6, as demonstrated in Figure 2.

a)
ρ E g1 E g2 . . . gm E gR

b)

ρ E g1 E g2 . . . gm E
Figure 1. Circuit for (a) randomized benchmark-
ing; and (b) purity benchmarking, where the gates
g1, . . . , gm are chosen uniformly at random from the
Clifford group and gR = g−1m . . . g−11 . Let the probabil-
ity of a measurement outcome be p(~g, gR) (for random-
ized benchmarking) or p(~g) (for purity benchmarking)
for a fixed sequence ~g = (g1, . . . , gm). Randomized
and purity benchmarking experiments involve estimat-
ing the probabilities p(~g, gR) and p(~g) for multiple ~g for
each of a variety of lengths m and fitting to the models

〈p(~g, gR)〉~g = Apm +B

〈p(~g)〉~g = A′um +B′

where A,A′, B,B′ are constants, the averages are over
all sequences of m gates and p and u are parameters of
the noise that allow error rates to be estimated.
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Figure 2. (a)–(c) Circuits illustrating randomized com-
piling. (a) A standard quantum circuit organized into
alternating rounds of “easy” and “hard” gates (e.g.,
single- and multi-qubit gates). (b) Random gates and
the corresponding correction gates are introduced be-
fore and after each round of “hard” gates. (c) The
random and correction gates are compiled into the ad-
jacent easy gates, resulting in a logically equivalent cir-
cuit with the same number of gates. Randomly sam-
pling the random gates dramatically reduces the worst-
case error, as shown in (d).
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