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Abstract

A number of recent works (Goldberg, 2006; O’Donnell and Servedio, 2011; De et al., 2017, 2014)
have considered the problem of approximately reconstructing an unknown weighted voting scheme
given information about various sorts of “power indices” that characterize the level of control that
individual voters have over the final outcome. In the language of theoretical computer science, this
is the problem of approximating an unknown linear threshold function (LTF) over {—1, 1}" given
some numerical measure (such as the function’s n “Chow parameters,” a.k.a. its degree-1 Fourier
coefficients, or the vector of its n Shapley indices) of how much each of the n individual input
variables affects the outcome of the function.

In this paper we consider the problem of reconstructing an LTF given only partial information
about its Chow parameters or Shapley indices; i.e. we are given only the Chow parameters or
the Shapley indices corresponding to a subset S C [n] of the n input variables. A natural goal
in this partial information setting is to find an LTF whose Chow parameters or Shapley indices
corresponding to indices in .S accurately match the given Chow parameters or Shapley indices of
the unknown LTF. We refer to this as the Partial Inverse Power Index Problem.

Our main results are a polynomial time algorithm for the (e-approximate) Chow Parameters
Partial Inverse Power Index Problem and a quasi-polynomial time algorithm for the (e-approximate)
Shapley Indices Partial Inverse Power Index Problem.

Keywords: Power Index, Inverse Problem, Chow Parameters, Shapley Indices, Boolean Fourier
Analysis Linear Threshold Function

1. Introduction: Power indices and inverse power index problems.

A natural question that arises in voting theory is how to quantify the “power” of an individual voter
in a collective decision-making scheme. For simplicity, in this paper we consider only weighted
voting games; in the language of theoretical computer science, these correspond to linear threshold
functions (LTFs) f : {—1,1}" — {—1,1}, f(z) = sign(w - = — #), where each w; > 0 is a non-
negative voting weight. In such a weighted voting game there are n binary voters, each with some
amount of non-negative weight, and the collective decision is an affirmative one if and only if the
total voting weight of the affirmative voters exceeds the threshold 6.
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If all n of the voting weights are the same then it is clear that all n voters have the same amount
of “power” over the final outcome, but it is much less clear how to measure the power of a sin-
gle voter when the voting weights may vary. As a simple example, consider a setting with three
voters who have voting weights of 49,49 and 2, in which a total of 51 votes are required for the
proposition to pass. While the disparity between voting weights may at first suggest that the two
voters with 49 votes each have most of the “power,” any coalition of two voters is sufficient to pass
the proposition and any single voter is insufficient, so the voting power of all three voters is in fact
equal. Such examples are not merely hypothetical; in the first voting scheme used by the European
Economic Community (the predecessor of the current European Union) in 1957, decisions were ac-
cepted if they were supported by at least 12 out 17 votes, and the members’ weight distribution was
{Germany : 4, France : 4, Italy : 4, The Netherlands : 2, Belgium : 2, Luxembourg : 1} (European-
Union, 1957; Leech, 2002). Inspection shows that there is no voting outcome in which Luxembourg
could influence the result, and thus its real voting power was null.

A number of different numerical measures, known as “power indices,” have been proposed to
quantify how much power each voter has in a weighted voting election scheme. These include
the Deegan-Packel index (Deegan and Packel, 1978), the Holler index (Holler, 1982; Johnston,
1978), and several others (see the extensive survey of de Keijzer (de Keijzer, 2008)). In the rest
of this paper we confine our attention to two particularly well-studied power indices. The first of
these are the Banzhaf indices (Banzhaf 111, 1964); in theoretical computer science these are more
commonly known as the Chow parameters (Chow, 1961) and we shall henceforth refer to them as
such. There are n + 1 Chow parameters of an n-variable LTF, and they are simply the constant-
and degree-1 Fourier coefficients.! The second of these are the Shapley-Shubik indices (Shapley
and Shubik, 1954), henceforth referred to for brevity as the Shapley indices; these are perhaps
the best known, and certainly the oldest, power indices studied in the literature. Given an LTF
f:{-1,1}" — {—1,1} with non-negative weights that satisfy f((—1)") = —1, f(1") = 1, the
Shapley indices are a vector of n associated probabilities ( f (1),..., f (n)) that sum to 1. The ith
probability is the probability that x; is the “pivotal index* causing f’s value to flip from —1 to 1,
starting at the input (—1)"™ and flipping indices from —1 to 1 in a random order.

The #P-hardness of counting 0/1 knapsack solutions easily implies that it is #P-hard to exactly
compute the Chow parameters of a given LTF, and it turns out that the Shapley indices of LTFs
are also #P-hard to compute (Deng and Papadimitriou, 1994). However, simple sampling-based ap-
proaches yield efficient algorithms for obtaining highly accurate estimates of the Chow parameters
or the Shapley indices (see e.g. (Leech, 2003; Bachrach et al., 2010)). Much more challenging are
the inverse problems, such as the (Inverse) Chow Parameters Problem: given as input the Chow
parameters of an unknown LTF (or accurate approximations of the Chow parameters), construct
an LTF whose Chow parameters are very close to the input provided. A beautiful result of C.-K.
Chow from the 2nd FOCS conference (Chow, 1961) shows that given the exact Chow parame-
ters of an LTF, it is information-theoretically possible to recover the LTF, but the proof is entirely
non-constructive. The algorithmic problem of appproximating an unknown LTF from its Chow pa-
rameters was studied in a number of recent works (Goldberg, 2006; O’Donnell and Servedio, 2011;
De et al., 2014), and more recently the analogous problem for Shapley indices (the Inverse Shapley
Indices Problem) was studied as well (De et al., 2017). The current state of the art for the Inverse
Chow Parameters Problem (De et al., 2014) is an algorithm which, for any constant €, runs in fixed

1. Since every LTF is a unate Boolean function, up to sign the degree-1 Fourier coefficients are the same as the n
coordinate influences of the LTF.
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poly(n) time and outputs an LTF whose Chow parameters match the given input vector of Chow pa-
rameters up to e-accuracy (in a sense which we make precise later). A similar-in-spirit result (with
some technical restrictions and somewhat weaker quantitative bounds; we defer a precise statement
until later) was given for the inverse Shapley indices problem in (De et al., 2017). We also remark
here that the problem of exactly reconstructing a LTF from its Chow parameters (or its Shapley
indices) was recently (Diakonikolas and Pavlou, 2019) shown to be computationally intractable.

2. This work: The Partial Inverse Power Index Problem.

A drawback of the algorithms of (Goldberg, 2006; O’Donnell and Servedio, 2011; De et al., 2017)
and (De et al., 2014) for the Inverse Chow Parameters and Inverse Shapley Indices Problems is that
they require full information about the target vector of power indices: none of these algorithms can
be used unless all of the target Chow parameters (or Shapley indices) are provided to the algorithm.
This is a potentially significant drawback for settings situations in which exhaustive information
about the target power indices may not be available.

A natural first idea to deal with partial-information scenarios is to attempt some sort of trivial
work-around, for example by simply assigning zero as the target Chow parameter or Shapley index
for each coordinate of the vector for which information is not available, and then running a known
algorithm such as (Goldberg, 2006; O’Donnell and Servedio, 2011; De et al., 2017, 2014) for the
full-information case. It is not difficult to show, though, that a naive approach such as this may lead
to the incorrect conclusion that there exists no LTF with the desired vector of power indices, when
in fact such an LTF does indeed exist.”> Thus more sophisticated approaches are required.

This current paper develops such approaches; it studies algorithms for the Partial Inverse Power
Index Problem. In this partial information version of the problem, the algorithm is only given a
subset S C [n] of the n “voters” (i.e. coordinates of the unknown LTF f) and the associated power
indices (Chow parameters or Shapley indices) corresponding to those coordinates, and the goal is
to output a weighted voting game f (i.e. an LTF) such that the power indices of f in coordinates
S closely match the input that was provided. We give algorithms for both the Chow Parameters
and Shapley Indices version of this problem; to explain our results, we begin by giving a detailed
definition of each of these problems below.

2.1. The Partial Chow Parameters Problem

We begin by recalling the definition of the Chow parameters:

Definition 1 Given f : {—1,1}" — {—1,1}, for 0 < i < n the ith Chow parameter of f is the
value

f@):= " E  [f(®)zi,

z~{—-1,1}"

where we define x to be identically 1 and “x ~ {—1,1}"” indicates that x is a uniform random
element of {—1,1}".

2. As a simple example, suppose that the unknown LTF is the majority function over three variables z1, 2, z3 and only
the Chow parameter (degree-1 Fourier coefficient) of x; is provided. Each Chow parameter of the three-variable
majority function is 1/2, but there is no 1-variable LTF which has 1/2 as its Chow parameter for 1 (the value
must be either —1, 0, or 1). More sophisticated asymptotic familes of similar examples, and analogous examples for
Shapley indices, are similarly easy to construct.
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Thus the Chow Parameters of a Boolean function f : {—1,1}" — {—1,1} are simply its n +
1 degree-0 and degree-1 Fourier coefficients. The Chow Parameters Problem is the problem of
(approximately) recovering a weights-based representation of a linear-threshold function (LTF) f
given the Chow Parameters of f as input. The (approximate) Partial Chow Parameters Problem is
the partial information variant of the Chow Parameters Problem where only a subset of the Chow
Parameters of f corresponding to some subset of indices S are given as input, and the goal is
to recover a weights-based representation of an LTF f’ such that the “partial Chow distance with

respect to S” between f and f', namely (3", s(f(i) — f’(i))2)1/2, is small:

Definition 2 The e-approximate Partial Chow Parameters Problem is the promise problem defined
as follows. Given {(i, f(i)) : i € S} for some LTF f : {-1,1}" — {—1,1} and some S C
{0,1,...,n} as input, output weights w, . .., w, and a threshold 0 such that f'(x) = sign(w -

x — 0) satisfies (3 ,e(£(i) — F/(1))2)* < e

Note that we do not require f(i) and f'(i) to be close for i ¢ S, and indeed this would be
impossible for any algorithm to achieve (for example, the target LTF f could be any LTF in the
extreme case where S = ()). We also note that the Partial Chow Parameters Problem generalizes
the Chow Parameters Problem, since the latter is simply the special case of the former where S =

{0,1,...,n}.

2.2. The Partial Shapley Parameters Problem

We begin by defining the notion of the Shapley indices. Given a permutation 7 mapping [n] to [n],
let z(m, i) € {—1,1}" be the string that has a 1 in each coordinate j with 7(j) < m(i) and a —1 in
all other coordinates. Define z 1 (7,i) € {—1,1}" to be z(m, i) but with the ith coordinate flipped
from —1to 1.

Definition 3 Given a monotone function f : {—1,1}" — {—1, 1}, the ith (generalized) Shapley
index of f is the value

B 6" (m0) = fam, )]

NN

Thus for a non-constant, monotone LTF f, f (1) is the probability that, starting from z = (—1)"
and flipping randomly chosen coordinates of x that are —1 one at a time to 1, ¢ is the unique pivotal
index for which flipping z; changes f(z) from —1 to 1. The (approximate) Partial Shapley Indices
Problem is defined analogously to the Partial Chow Parameters problem:

Definition 4 The c-approximate Partial Shapley Indices Problem is the promise problem defined as
follows. Given {(i, f(i)) : i € S} for some LTF f : {—1,1}"" — {—1,1} and some S C {1,...,n}
as input, output weights wy, . . ., wy, and a threshold 0 such that f'(x) := sign(w - x — 0) satisfies

(Sies(F@) — F(@)?)? <e
3. Our results

Our first main result is an efficient algorithm for the Chow parameters version of the Partial Inverse
Power Index Problem:
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Theorem 5 (Informal statement) There is a poly(n, 2P°%Y a/ S))-time algorithm for the e-approximate
Partial Chow Parameters Problem.

The algorithm of Theorem 5 is an “EPRAS,” meaning that its running time is a fixed polynomial in
n independent of €, but depends super-polynomially on €.

Our second main result is an efficient algorithm for the Shapley parameters version of the Partial
Inverse Power Index Problem:

Theorem 6 (Informal statement) There is a 2((1°8™)/9)°_time algorithm for some absolute con-
stant ¢ > 0 for the e-approximate Partial Shapley Indices Problem.

Here our algorithm is an “EQPRAS,” meaning that its running time is a fixed quasi-polynomial
function of n for any value of ¢, but depends super-polynomially on €.

Discussion. We stress that (as is implied by the discussion following Definition 2) there may not
be a unique target LTF that is consistent with the given set of Chow parameters or Shapley-Shubik
values. For example, suppose the target LTF is a simple unweighted majority of some 7/2 of the
n input variables, and the input set S provided to the algorithm is some subset of n/4 of the n/2
relevant variables; then clearly any n/2-variable majority function including the n/4 variables in
the input set would be an acceptable solution.

A second note is that our algorithmic results focus on finding some LTF whose Chow or Shapley
Power Indices (approximately) match a given input set of Chow or Shapley Power Indices, but
without giving other guarantees on that LTF. In light of our results, some natural next questions to
consider are versions of these Partial Inverse Power Index Problems with additional objectives: can
one efficiently find an LTF that completes the given input set of power indices and “spreads” the
remaining power that is left to be assigned as evenly (or unevenly) as possible? that minimizes (or
maximizes) the total amount of remaining power that needs to be assigned?® In fact, our algorithm
for the Partial Inverse Chow Parameters Problem is already fairly flexible, and can be adjusted, for
example, either to spread or concentrate the remaining power to assign (we leave the details to the
interested reader). We expect that the ideas and technical ingredients in this paper will be useful for
tackling these next questions, but for now we leave them as intriguing directions for future work.

4. Our techniques for the Chow problem

We begin by giving a high level overview of our algorithm (and associated proof of correctness) for
the partial Chow parameters problem. The techniques for the corresponding problem for Shapley
indices build on the techniques for the Chow problem.

We begin by recalling the important notion of regularity of a linear form (e.g., see Servedio
(2007)). A linear form w -  (where w # 0") is said to be T-regular if max; |w;|/|w|2 < 7.
Regularity plays a crucial role in Boolean function analysis because of the Berry-Esséen theorem,
which says that for ¢ ~ {—1,1}" the random variable w -  — 6 “behaves like a Gaussian with
mean —0 and variance ||w||2”. In fact, the Berry-Esséen theorem can be used to establish analogous
statements whenever the n-dimensional random variable  comes from a product distribution with
bounded third moments.

3. This last question only makes sense for the Chow Parameters variant, since the Shapley indices of any monotone
function must always sum to 1.
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Moving on to halfspaces, the notion of regularity has played a crucial role in their analysis ever
since it was first used in Servedio (2007) (though implicitly it was used in the earlier works of Khot
et al. (2007); Mossel et al. (2010)). The reason this notion is useful for us is as follows: Suppose
w € R™is a 7-regular vector and f(x) = sign(w - x — #) is a corresponding LTF. Then a result first
proven in Matulef et al. (2010) (but which essentially can be derived from Khot et al. (2007)) is that
there exists an (explicit) constant ¢y (depending on ) such that

n

3 (Fli) - cows)? = O(r?) (1)

=1

(see Proposition 22). In other words, for 7-regular LTFs, the Chow parameters are (close to) a linear
rescaling of the LTF’s weights.

Now, suppose we were given the promise, in the partial Chow parameters problem, that the
target LTF f is in fact 7-regular for 7 = O(e?) (where ¢ is the desired accuracy parameter for the
reconstruction). Then Equation (1) suggests a very simple algorithm for the partial Chow parameters
problem in this case:

1. While the threshold parameter 6 is not known, we can guess it. What this means precisely
is the following: since (without loss of generality) we may assume that ||w|ls = 1, it must
be the case that § € [—y/n,\/n]. It is not difficult to show that if instead of having the
exact value of 6, we had it up to an additive £4, this adds only a small inaccuracy (roughly,
O(7+9)) to the error of the final reconstruction. Thus, what we can do is to try out all possible
values of 6 in a grid over [—+/n, /n| where the width of the grid is some sufficiently small §.
While performing such a guessing step means that we will have a batch of several candidate
LTFs, it is straightforward to do hypothesis testing at the end, by simply estimating the Chow
parameters of each hypothesis LTF and outputting the one which most closely matches the
input, to identify a successful candidate from the batch.

(More generally, several times in this informal description of our algorithms we will employ
such a “guessing of parameters.” Suppose that the total number of parameters is P and that the
grid space for each parameter is L; then iterating over all the possibilities and the subsequent
hypothesis testing adds a multiplicative running time overhead of ~ L”. Thus, as long as P is
small and L is not too large, the total overhead incurred from guessing parameters is small. In
the rest of this informal overview, whenever we “guess a parameter”, we will assume that we
have its value exactly and not account for (i) either the small inaccuracy due to the granularity
of the grid or (ii) multiplicative overhead created by iterating over the possibilities.)

2. Given the parameter 6, we can explicitly compute the constant cg. Given the value ¢y, the

most obvious approach to the partial Chow parameters problem is to define the quantities

v1,..., Uy as follows: For¢ € S, we define v; := %j) We further define wt := ZieS v? and

define v; = /(1 — wt)/(n — |S]). Finally, we output the halfspace g(z) = sign(v -z — 0).
The intuition behind this is that for coordinates ¢ € .S, (1) suggests the correct value of w;
(which is what we set v; to be). For all the other coordinates, we set v; to be “as regular as
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~

possible”.* Given (1), it easily follows that Y, (9(i) — f(i))* = O(’T%), which is O(e) by
our choice of parameters.

To handle the case when the unknown LTF f is not 7-regular, we use the “critical index” machin-
ery of Servedio Servedio (2007). To explain how this is done, for ease of exposition let us assume
that f = sign(w - x — ) is such that |w;| > ... > |wy|. The 7-critical index of the vector w (or

equivalently, of any linear form w - & — 6) is the smallest index j such that |w;1]/4/> 4~ ; w? < 7.

Thus, a vector w is T-regular if and only if its 7-critical index is zero. If the 7-critical index of a
vector w is not defined, then we say it is co.

We now discuss the general algorithmic strategy for the partial Chow parameters problem; as
explained below, the strategy depends on the value of the critical index. (While the actual value
of the critical index is not known to the algorithm, the algorithm can just “guess” which of the
following three cases it is in, followed by hypothesis testing at the very end.)

1. First case: 7-critical index is large: This is the case when the 7-critical index K (7) is at
least O(7~2log(1/7)). In this case, Servedio Servedio (2007) shows that f is O(7)-close in
Hamming distance to a LTF g which depends only on K (7) variables. As f and g are close
in Hamming distance, it follows that >, ¢(f (i) — g(i))? = O(7). The algorithm in this case
simply enumerates over all LTFs on K (7) variables — there are 20 *(M1og K(7)) gych LTFs
— and for each such LTF g, checks if it is a solution to the partial Chow parameters problem.

2. Second case: T-critical index is zero: This is the case where the linear form w - x — 6 is
T-regular. We have already described the reconstruction algorithm in this case.

3. Third case: 7-critical index is small: This is the case when the 7 critical index is non-
zero but is at most O(7~21log(1/7)). This case, which is technically the most challenging,
combines ingredients from the large and zero critical index cases. Let us assume that the
unknown weights are wy, . . . , wy, and that the critical index is K (7). First of all, the algorithm
will guess K (7) (note that there are only O(7~2log(1/7)) possibilities). The algorithm will
also guess w1, . . ., Wi (7). Finally, given {f(z)}leg the algorithm will also guess the subset
T ={jeS:j>K(r)}. (Note that the number of choices for 7" which must be considered
can be bounded by K (7), since the weights before the critical index (the largest magnitude
weights) must correspond to the largest Chow parameters.) Having fixed all these choices,
the crucial fact, analogous to Equation (1), is that there exists (an explicitly computable)
c=c(f,w1, ..., wk()) such that ZQK(J?(Z) — cw;)? = O(11/?) (see Proposition 24). The
algorithm can now compute c and finding a feasible wg, ..., w, is essentially the same as
case (ii), i.e. the zero critical index case.

Finally, we note that the actual algorithm and its analysis is split into two cases, namely, the
large versus small critical index cases (and not three cases as described above). In particular, the
zero critical index case is subsumed by the small critical index case. However, the small critical
index case is both conceptually and technically a combination of the ideas for the zero critical index

4. Actually, in a slight deviation from what is described above, our actual algorithm for the regular case performs a
slight numerical adjustment to avoid the pathological case in which wt slightly exceeds 1, which would make our
algorithm meaningless.
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and the large critical index cases. Thus, for expository reasons, in this introduction we have split
the analysis into three cases.

While we are glossing over several technical details, the actual algorithm and analysis essentially
follows the above description. We now turn to giving a high level overview of the techniques for the
partial Shapley value problem.

5. Our techniques for the Shapley problem.

At the highest level, the structure of our algorithm for the Shapley problem is similar to our algo-
rithm for the Chow problem — a case split based on whether the critical index is large, zero, or
small — but the analysis and underlying structural results are considerably more involved. (Similar
to the Chow problem, the actual algorithm and its analysis has only two cases, the large and the
small critical index. However, for the sake of exposition, similar to the Chow problem we describe
a three case split here in the introduction.)

Let g = sign(v - 2 — ') be the target LTF; as an initial pre-processing step, we argue (Theo-
rem 40) that g is close to an LTF f = sign(w -  — @) in which all weights w; are not-too-large
integer multiples of some fixed “granularity” value. We then proceed with a case analysis based
on the 7*-critical index (for a suitable regularity parameter 7*) of the LTF f. As with the Chow
problem, the algorithm proceeds differently depending on whether the target LTF f has large, zero
or small 7*-critical index.

A significant challenge that arises in analyzing these cases for the Shapley problem is the fact
that the probabilistic definition of the Shapley indices is much less “clean” than the definition of the
Chow parameters. Recall that the i-th Chow parameter f (i) is defined to equal Eg ;1 130 [f(2) -
x;]; the fact that the underlying distribution — uniform over {—1, 1}" — is a product distribution
makes this definition particularly amenable to harmonic analysis and the application of various tools
from probability theory. The Shapley indices, on the other hand, do not admit such a clean definition
in terms of a product distribution. However, in an attempt to get a syntactically similar definition,

[

De et al. (2017) showed that the i-th Shapley index f(i) is equal to o - f*(i) + 3, where « and
p are fixed values (depending only on n and not on f) and f*(i) = Egz~pg,,, [f(T) - ], where
Dghpap is a certain symmetric distribution supported on {—1, 1}"™. Here “symmetric” means that the
distribution Dg},,p, 1s invariant under permutation of coordinates (the probability that Dgy,,, assigns
to a string depends only on the number of 1’s in the string). A significant technical complication
is that Dgp,yp, s not a product distribution, and thus several technical tools that are used to analyze
the Chow parameters, and that rely on the product distribution structure of the uniform distribution
over {—1,1}", are no longer available.

In order to adapt our algorithm for the partial Chow parameters problem to the partial Shapley
problem, the main technical statement that is required is that if f = sign(w - « — ) is such that w
is 7-regular, then the Shapley indices of f are close to being an affine form of the weights. More
precisely, we we want to prove that there are values A= fx(e, ||wl[1) and B= é(&, ||wl|1) such
that

n
> (f(i) = (Aw; + B))* < e(7), 2)
i=1
where ¢(7) — 0 as 7 — 0. To prove this, we first show (Lemma 48) that the Shapley distribution

Dghap can be approximated by a convex combination of p-biased product distributions w,, on the
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hypercube (here wuy, is the product distribution in which each marginal ; has Pr[z; = 1] = p and
Pr[xz; = —1] = 1 — p). While the distribution Dgpap cannot be exactly expressed as a convex

combination of p-biased distributions on the cube, we show that for any parameter 6 > 0, we can
>y fr () ) }

n pE[d,1-0]
atmost O(n?§). Here f(i) = E[f(z)-x;] where 2 ~ u!, the p-biased distribution on the cube. As

[
express f (i) as a “positive linear combination” of { ( fpi) = up to an error of

d — 0, the error of approximating { f (4)} goes to zero, but the “positive linear” coefficients of f (7)
(for small values of p) diverge to infinity, thus rendering the expression meaningless. We evade these
difficulties by not allowing d to be too close to 0; more precisely, we choose § to be a particular
1/poly(n) value, which ensures that f (1) can be expressed as a positive linear combination of

.l >y fr ()
{(fp(i) - %)}pe[é‘,l—ﬁ]

Establishing Equation (2) now reduces to showing that there are values /ip = ﬁp(Hle, 0,p)
and B, = By(]|w||1, 6, p) such that

Zn: <(f;f (@) - Ejzﬁf”(])> — (Apwi + §p>>2 =&p(7), (3)

=1

up to an error of o(1).

where €,(7) — 0 as 7 — 0. We note that when p = 1/2, this follows from our analysis for the
Chow problem. We carry out a careful adaptation of the machinery developed in the context of LTF
analysis for the uniform distribution (p = 1/2), including results from Matulef et al. (2010); De
et al. (2016), to show that for any p € (0, 1), we have

> ((500- zm)> ~ (hguwi + ép>)2 ~ 0.

X n
=1

This finishes the sketch of our high level approach for establishing Equation (2).

We now turn to giving an overview of the algorithmic part. As with the partial Chow parameters
problem, we choose a suitable value 7* = 7*(¢) of the regularity parameter (depending on the
desired final accuracy ¢), and the algorithmic strategy depends on whether the 7*-critical index
is zero, “large”, or “small.” As before, the case when the critical index is small is essentially a
combination of the first two cases, so in the rest of this intuitive overview, we will just give the high
level idea of the algorithmic strategy for the “large” and zero critical index cases.

1. Case 1: 7*-critical index is large: Similar to the partial Chow parameters problem discussed
earlier, we would like to argue that that for a suitable threshold K = K (7*), if the 7*-critical
index of a LTF f is larger than K then f is close to a LTF f’ on K variables under Dgpap,.
While the fact that Dgy,,p, is not a product distribution presents some obstacles, we are able to
leverage anti-concentration of certain linear forms under Dsy,, (proved in De et al. (2017)) to
argue that if the critical index is larger than essentially K := O(logn/(7*)?), then f is close
(under Dgp,p) to a junta on K variables. Then, as in the partial Chow parameters problem,
one can find a suitable LTF by just brute force search over all LTFs on K variables. Note
that the threshold K has a log n dependence on n; this is in contrast with the partial Chow
parameters problem, where the corresponding cutoff for “large” critical index is independent
of n. This is a bottleneck that results in our algorithm for the partial Shapley problem running
in quasipolynomial time (whereas for the partial Chow parameters problem the running time
is polynomial in n).
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2. Case 2: 7*-critical index is zero: As stated at the beginning of this subsection, we can
assume that all the weights in the target LTF are not-too-large integral multiples of some
fixed granularity parameter v*, and thus we can also assume that the threshold 6 is also
an not-too-large integer multiple of v*. The algorithm guesses two parameters, namely 6
and W = ||lwl|1; its analysis will exploit the fact that there are only polynomially many
possibilities for these parameters. Given these parameters, the algorithm can exactly compute
the constants A = fi(@, ||wl|1) and B= é(@, ||w||1) from Equation (2). Now let S C [n] be
the set of indices for which the algorithm is given Shapley indices. The algorithmic problem
now reduces to finding a set of weights w1, ..., w, to

n n
Minimize E (f(i) — (/iwl +§))2 subject to E w; = W; E w? = 1; max w <7
1SN
icS i=1 i=1 ==

These constraints are non-linear and non-convex, and thus not amenable to techniques from
convex programming in any obvious way. However, we show that by exploiting the granular-
ity of the weights w; (recall that all of them are integral multiples of v*), it is possible to use
a simple dynamic programming approach to solve this problem.

6. Organization

Due to space constraints, in the rest of the body of the paper we confine ourselves to stating our main
structural result for the Partial Chow Parameters Problem, Theorem 7, and describing and analyzing
our resulting algorithm. This proves Theorem 5, our main result for the Partial Chow Parameters
problem, modulo the proof of Theorem 7. Our Shapley results, which are more technically and
conceptually involved than our Chow results, can be found in full in the appendix. More detail on
the organization of the paper follows.

In the Appendix, Section A gives basic preliminary definitions and results on LTFs, regularity,
various notions of distance between functions that we will use, and various distributions that will
arise in our analysis. Section B.1 gives background results from Gaussian analysis and p-biased
Fourier analysis of LTFs, and Section B generalizes various technical results on Fourier analysis
of regular LTFs under the uniform distribution from (Matulef et al., 2010; De et al., 2016) to the
p-biased case. Section B.4 extends some of these results to the case of general LTFs by doing an
analysis that works separately with the “head” portion and the (regular) “tail” portion of a general
LTF. Section C builds on the p = 1/2 case of these structural results to prove Theorem 7. Section D
uses the general-p version of these results (with many additional analytic and algorithmic ingre-
dients, as discussed earlier) to prove Theorem 34, our main result for the Partial Shapley Indices
problem.

7. Main Structural Result for Partial Chow and Proof of Theorem 5

Our main structural result for the Partial Chow Parameters Problem, proved in Section C, is as
follows. The theorem defines a relatively small set of candidate LTFs and asserts that at least one
of these must have Chow Parameters that are close to the input Chow Parameters. Our algorithm
works by enumerating all of these candidate LTFs, and then checking for each one whether it has
Chow Parameters that are close to the input Chow Parameters.

10
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(The notation “dchow,s(f, 9)” stands for the partial Chow distance between f and g with respect
2o a2\ Y2
to S, defined as dchow,s(f, 9) = <Ei€S (F(i) = 4(9)) ) )

Theorem 7 Let ¢ € (0,3) and let T = 7(c) = %0 Let f be an LTF f(z) = f(zpm,ar) =
sign(wy -z + wr - x — 0) where H contains all indices i € [n] with |f(i)] > 72. Let S C

{0,1,...,n}. Then one of the following holds:
1. dchow,s(f,g) < O(e) for some linear threshold function junta g over g, or

2. dchow,s(f,9) < O(e) for some linear threshold function g of the form

g(a:):g(xH,xT):Sign<zvi-xi+(7’)*1.( Z F(i)- @i+ Z r-xi>—6'> 4)

icH i€TNS i€TNS

where 0 € R,vg = (v1,... ,UH|) € R are such that each v; is an integer multiple
of /T/|H| and has magnitude at most 20078 HD. /In(1/7), where ~' satisfies v = ~
fT C Sandy <~ <~v+71if T ¢ S forvy := (ZieTf(i)2)1/2, and where v =

—2iie f(i)?
(O =Zierns F0? y1/2
[TNS] :

7.1. Main algorithm for the Partial Chow Parameters Problem

We next present the main algorithm of this section, which is an EPRAS for solving the Partial
Inverse Chow Parameters Problem, and which works by leveraging the structural result Theorem 7.

Theorem 8 (Detailed version of Theorem 5) There exists an algorithm for the Partial Inverse Chow
Parameters Problem with the following guarantees. It takes as input four things: (1) a set {(i, f(i)) : i € S}
for some LTF f : {—1,1}" — {—1,1} and some S C {0,1,...,n}, (2) the length n of the in-

put to f, (3) an error parameter € € (0, %), and (4) a confidence parameter 6 > 0. It outputs a
weights-based representation of an LTF g : {—1,1}" — {—1, 1} such that dcnow,s(f,9) < O(e)

with probability 1 — 8, and runs in time n® logn - log(1/§) - 2P°ly(1/2),

The algorithm consists of three steps: a parameter guessing step, an LTF enumeration step,
and an LTF verification step. The second two steps are similar to those in the main algorithm
in O’Donnell and Servedio (2011). The two cases in the enumeration step correspond to the two
cases in Theorem 7. The algorithm is as follows.

11
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1. Guess the size of the head |H| and a value ~' satisfying the conditions in Theorem 7.

(a) Compute HNS :={i € S: |f(i)| > 2. TNS :={ieS:|f(i)| <72},
r from these guesses.

(b) Set H equal to the union of H N S and |H| — |H N S| arbitrary indices not in S.

T|:=n—|H

2. For each guess of H and 7/ in Step 1, enumerate candidate LTFs using the two cases in Theorem 7:

(a) Enumerate all junta LTFs g over z .

(b) Enumerate all LTFs g of the form given in Equation (16).

3. For each candidate LTF ¢ generated in Step 2, compute an empirical estimate g(i) of each of the
Chow Parameters g(i) fori € S so that |§(i) — g(7)| < €/+/|S]| with confidence 1 — 6/(|S| - M),
where M is the total number of LTFs enumerated in Step 2. Output (a weights-based representation

of) the first g such that ||(f(i))ies — (§(i))ies|| < O(e).

Proof [Proof of Theorem 8] We start by arguing that the above algorithm is correct. By taking a
union bound, it holds that all | S| - M estimates g(i) of the Chow Parameters §(¢) of candidate LTFs
g with ¢ € S in Step 3 will be accurate to within a £/ \/@ additive error factor with probability at
least 1 — ¢. In this case our estimates will all satisfy ||(§())ies — (g(7))ics|| < €, and hence by the

A

triangle inequality |[(£(3))ics — (9(1))ies]l —& < donow,s(f,9) < |(f(i))ics — (9(0))ies]| + = for
every candidate LTF g. So, in this case, we will output a candidate LTF g if and only if it satisfies
dchow,s(f,g) < O(e). Furthermore, by Theorem 7, one of the candidate LTFs g enumerated in
Step 2 will satisfy dcnow,s(f, 9) < O(e), and so with probability at least 1 — § we will output such
a function.

We turn to analyzing the runtime of the algorithm. We start by analyzing the number of guesses
that we need for |H| and 4/ in Step 1. Each f(i) with i € H satisfies | f(i)| > 72, and because
> icn) £(i)? < 1 this implies that [H| < 1/7%. Because 0 < < 1, setting 7' to be either 1 or one
of the O(1/7) integer multiples of 7 between 0 and 1 will satisfy the condition y < 4/ < v+ 7. So,
we need O(1/7) guesses for v/. Computing all other quantities given the guesses of |H| and 7/ is
efficient.

We next upper bound the number M of functions enumerated in Step 3. By Muroga et al.
(1961), any junta LTF on |H| variables can be represented using integer weights of magnitude at

|H|2 log|H|) — 20(1/78'10g(1/7)) such functions

most 20(H ol #1) ' meaning that there are at most 20
total (where we have used the fact that |H| < 1/7%).
We next consider functions of the form specified in Equation (16). For fixed H and ' each such
function is uniquely specified by a threshold §’ and head weights vy, and so the total number of such
functions is equal to the total number of possibilities for ', vj. Each of the |H| + 1 weights 6’ and

v; for i € H is an integer multiple of /7 /|H| and has magnitude at most 20U legH1) /1n(1/7).

Therefore, the total number of such functions is upper bounded by (20| log? | ) In(1/7)/7)HI+1 <

20(1/7%10g*(1/ 7)), where we have again used the fact that |H| < 1/7%. Combining the upper bounds
on the number of juntas on | H | variables and on the number of functions of the form in Equation (16)
we get that M < 20(1/7%log?(1/7))

12
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Finally, we upper bound the amount of time necessary to obtain estimates g(i) of the Chow
Parameters §(i) with the desired error and confidence. The following standard Chernoff bound

holds for 4-1-valued, i.i.d. Bernoulli random variables X7, ..., X each with mean y:
1N
Pr|(5 Zl Xi) = p| > A] < 2exp(-A2N/2) )
1=

Therefore, using N := O(L%' log <|S|TM>> uniformly random samples 1, ...,y ~ {—1,1}",

the estimator g(i) := Zjvzl g(x;) - (x;); approximates y := §(i) to within A := ¢/,/[S] additive
error with confidence 1 — §/(|S| - M).

Computing each estimator g(4) requires N evaluations of g and uses O (V) additional arithmetic
operations. Each function evaluation uses O(n) arithmetic operations, for a total of O(n - N)
arithmetic operations. We must compute estimators g(¢) for |S| - M many Chow Parameters g (i),
so in total Step 3 requires

O(nN |S| M) _o("'&f|2 1og(‘55'M))M> ©6)

time, which also subsumes the amount of time it takes to enumerate all M functions in Step 2.
We conclude by upper bounding the overall runtime of the algorithm by the right-hand side of
Equation (6) times the number of guesses we need to make for H and +' in Step 1:

0((1/75) n 'Jf'z log ('SSM»M)

2
= B (o Bl (178 10g2(1/7))) ) - 200/ s/

< n%logn -log(1/8) - 2ro(1/e)

where we have used the fact that 7 = poly/(¢). [
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Appendix A. Background

A.1. Linear threshold functions, regularity, and critical index

Notation | Definition Description

£(i) Epvf—11yn[f () - ] The ith Fourier coefficient/Chow parameter of f.
f(i,p) Egpun[f(2) - tp(xi)] The ith p-biased Fourier coefficient of f.

[ (i,p) | Egnuplf(z) - i The ith p-biased coordinate correlation coefficient of f.
10) Ezon(o)n[f () - 2] The ith Hermite coefficient of f.

f?(z) Ex-s,[f(zT(m,4)) — f(z(m,))] | The ith Shapley index (value) of f.

f(@) EzDgyo, [f (T) - Li(T)] The ith Shapley Fourier coefficient of f.

() EznDgpa, [f () - ] The ith Shapley coordinate correlation coefficient of f.

Table 1: Quantities associated with a linear threshold function f : {—1,1}" — {—1, 1} and index
i € [n].

We recall that a linear threshold function (LTF) is a function f : {—1,1}" — {—1, 1} defined by
f(z) = sign(w-z—0) for some w € R", § € R where sign(¢) = 1iff ¢ > 0. We say that a nonzero
vector w € R™ is 7-regular if |w|| /||w||2 < 7, and we say that an LTF f(x) = sign(w - x — 0) is
T-regular if its weight vector w is 7-regular.

A key ingredient in our proofs is the notion of the critical index of an LTF. The critical index
was implicitly introduced and used in Servedio (2007) and was explicitly used in Diakonikolas
and Servedio (2013); Diakonikolas et al. (2010); O’Donnell and Servedio (2011) and other works.
Intuitively, the critical index of w is the first index ¢ such that the sub-vector of w obtained by
deleting the 7 largest-magnitude entries of w is regular. A precise definition follows:

Definition 9 (critical index) Given a vector w € R"™ such that |lwi| > ... > |w,| > 0, for
k € [n] we denote by oy, the quantity />_"" , w?. We define the T-critical index c(w,T) of w as
the smallest index i € [n| for which |w;| < To;. If this inequality does not hold for any i € [n], we
define c(w, T) = oo.

Finally, we will use the following lemma, which appears in a number of previous works. The

result says that, for weight vectors w with sorted weights, o, = /> 1" w?, also denoted as
tailg (w), decreases geometrically for i less than the critical index.

Fact 10 (Fact 25 De et al. (2014))) Let w = (w1, ..., w,) € R™ be such that |wi| > -+ > |wy],
and let 1 < a < b < c(w, ), where c(w,T) is the T-critical index of w. Then taily(w) <
(1 —72)(0=a)/2 tail , (w).
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Proof By definition of the critical index, |w;| > 7 - tail;(w) for i < ¢(w, 7). Therefore for
such an i, tail;(w)? = w? + tail;41(w)? > 72 - tail;(w)? + tail;11(w)?, and so tail;1(w) <
(1 — 72)1/2 . tail;(w). The result follows by applying this last inequality repeatedly. [ |

A.2. Boolean functions and distance measures

We assume familiarity with the basics of standard Fourier analysis of Boolean functions with respect
to the uniform distribution over {—1,1}", see Appendix E for a brief overview. (Later in this
preliminaries section we will introduce notions of Fourier analysis with respect to other distributions
such as product distributions and the “Shapley distribution.”)
We will use a range of different notions of distance between Boolean functions f,g : {—1,1}" —
{—1,1}. Let
d(f,9) = Pr  [f(zx)#g(x)]

z~{—1,1}7

denote the Hamming distance between f and g. Let

N 1/2
dChow(fv g) = (Z (f(l) - g(z))2>

i=1

denote the Chow distance between f and g, and let

1/2
dChow,S(me) = (Z (f(l) - Q(Z))2>

i€S

denote the partial Chow distance between f and g with respect to a subset of indices S C {0,1,...,n}.
We similarly define

" 1/2
dShapley(fag) = (Z (f(l) - .&(2))2) )
=1

the Shapley distance between f and g, and

1/2
dShapley,S(fvg) = (Z (f(’L) - 6(2))2> >

€S

the partial Shapley distance between f and g,

It is clear that dcnow,s(f, 9) < dcnow(f, 9) and dshapley,s(f,9) < dshapley (f, g) for any S C
{0,1,...,n}. The following simple result relates Hamming distance and Chow distance:

Proposition 11 ((O’Donnell and Servedio, 2011, Proposition 1.5)) dcnow(f, 9) < 24/d(f, g).

Proof For f, g : {—1: 1} — {—1,1} wehave d(f,g) = iE[(f(m)—g(w))Q] = %ngn](]g(s)_
g(S»Q > iZze[n](f(Z) - g(l))Q = %dChow(fv 9)2’ and hence dChow(fa g) < 2 d(f?Q) u
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A.3. Some useful distributions

A.3.1. THE SHAPLEY DISTRIBUTION Dgpy,;, AND “FOURIER ANALYSIS” FOR THIS
DISTRIBUTION

De et al. (2017) introduced a distribution over {—1, 1}", called the “Shapley distribution” (we write
Dgpap for this distribution though it is denoted by p in De et al. (2017)), which is very useful
for analysis of the Shapley indices. We recall the definition of this distribution: let Q(n, k) =
1/k+1/(n—k)for0 < k <n,andlet A(n) := > s, Q(n,k) = 2H,,_1, where H,, denotes the
nth harmonic number. The distribution Dgpap, over {—1,1}" is defined as follows: it has support
{=1,1}" \ {(—=1)",1"}. To sample a string  ~ Dgpap, first sample &k € {1,...,n — 1} with
probability Q(n,k)/A(n). Then choose x uniformly from the weight k& slice of the hypercube
{—1,1}" (i.e. the set of all (}) many strings in {—1, 1}" with exactly k many 1’s).

Following De et al. (2017), we proceed to define a “Fourier basis” under the distribution .
We define the inner product (f, g),, := Eg~pg,,, [f(x)g(x)], and we define orthonormal functions
Li:{-1,1}" - Rfori=0,1,...,nsothat (L;, L;),, = 1ifi = jand (L;, L), = 0if i # j.
As shown in (De et al., 2017, Lemma 9), we can take Lo(z) = 1 and L;(z) = a - (3_7_, ;) + bx;
for some values of a = a(n) and b = b(n) satisfying a = —0(y/logn/n) and b = O(y/logn).
Accordingly, we define Shapley Fourier coefficients and Shapley Fourier distance with respect to p
as follows. The ith Shapley Fourier coefficient for¢ = 0,1, ..., n is defined as

f@):= E [f(z) Li(z)],

wNDSI)ap
and the Shapley Fourier distance between two LTFs f and g is defined as

dShapley—Fourier(f7 g) = (Z(ﬁ(l) - 3(2))2) v . (7)

i=0
A.3.2. p-BIASED DISTRIBUTIONS AND FOURIER ANALYSIS

We write u, to denote the p-biased distribution over {—1,1}, i.e. a random variable distributed
according to u,, takes the value +1 with probability p and takes the value —1 with probability 1 — p.

Let

pp =2p—1 and op:=2y/p(1 —p)
denote the mean and standard deviation respectively of such a random variable. We define 1, :
{-1,1} = R,

wp(x) = x;ip,up?

so if & ~ wy, is a p-biased random variable then 1, (x) has mean 0 and variance 1. We will overload
the above notation, defining w}[,w] A{-1,1} = R,

0l () = L0 2 Wi

b forw € R",
opllwll2

which gives that
o () = T [ew]]x

for w € RY,,.
opllwl2 -
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irm
Fact 12 (Scaling Property) We have that 1/)1[;”] () =y rliwlz (—%).

opllwllz

The 2" functions {\s () := [[;c5 ¥p(Ti) }scin) are easily seen to constitute an orthonormal
basis for the vector space of all real-valued functions on {—1,1}" under the distribution u;. We
write f (S, p) to denote the corresponding p-biased Fourier coefficients of a real-valued function f
under uj, and we write the p-biased degree-1 coefficient as f (i,p) rather than f ({i},p). When

p = 1/2 and we are working with the uniform distribution, we simply write f(S) or f(i).

A.3.3. GAUSSIAN DISTRIBUTIONS AND HERMITE ANALYSIS

Let N(u,0?) denote the Gaussian distribution with mean y and variance o2. We recall that the n-
variable Hermite polynomials { Hg}sen» form a complete orthonormal basis for the vector space
of all square-integrable functions under the standard n-dimensional Gaussian distribution N (0, 1)™.
We write f(.5) to denote the S-th Hermite coefficient of a real-valued function f under N(0,1)™,
and we will be particularly interested in f’s degree-1 coefficients, i.e., f (e;), where e; is the vector
which is 1 in the ¢-th coordinate and O elsewhere. See Appendix E for a brief overview of the key
notions.

A.4. Miscellaneous notation, terminology, and inequalities

We recall that a function f : {—1,1}" — {—1, 1} is said to be a junta on J C [n] if f only depends
on the coordinates in J. If |J| = k we say that f is a k-junta.

Following De et al. (2017), we say that an LTF f : {—1,1}" — {—1,1}, f(z) = sign(w -  —
wp) with w € R™ is n-restricted if wy € [—(1 —n)||wl1, (1 — n)||w|[1]. When 7 is small (as it will
be in our Shapley result) this is a mild technical condition on the LTF f (which was also present in
De et al. (2017)).

We write “a 2 b” to indicate that la —b] < O(k). For v € R™ we write “||v||” to denote the
2-norm (v} 4 - -+ +v2)/2.

At various point in our analysis we will need some useful but routine inequalities; we record
these in Appendix F.

Appendix B. Useful Fourier analytic results on p-biased Chow parameters of LTF's

B.1. Preliminary results from Gaussian analysis and p-biased Fourier analysis
B.1.1. BACKGROUND ON LTFS AND LINEAR FORMS UNDER THE GAUSSIAN DISTRIBUTION

Let ¢ denote the p.d.f. of a standard normal Gaussian N (0, 1) and let ® denote the corresponding
c.d.f.. We extend the latter notation by writing ®|a, b] to denote ®(a) — ®(b), allowing b < a, and
we will use the estimate |®[a, b]| < |b — a| without comment.

Following Matulef et al. (2010), let us define the function m : [—00, 0] — [—1, 1] by

m(0) := <2 /900 d)(:r)dx) -1 ®)
and the function W : [—1, 1] — [0, 2/7] by
W(v) = 2¢(m™(v)))? ©)
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(the latter is well defined since the function m is monotone decreasing with range [—1, 1]; we remark
that TV is a function symmetric about 0, with a peak at W (0) = 2/7). To motivate these definitions,
we observe that m(6) corresponds to the expectation Egn(o,1)[he()] of the univariate function
hg(x) = sign(z — 0). It is easily verified that

ho(1) = Elhg(x)x] = 26(0)  and  W(E[hg]) = ho(1)”. (10)

The intuition is that given as input the expected value of some hg, the function W outputs the
squared degree-1 Hermite coefficient of hg. This motivates the following definition, which will be
useful later:

Definition 13 Let a(6) := /W (m(0)). View [n] as partitioned into [n] = H U T. Forp € (0,1)
and w = (wg, wr) € R", let

(0, wr,wr,p) =B, im[0(@y"1(0 —wp - p))]. (11)

Combining the above observations with the rotational invariance of N (0,1)", it is straightfor-
ward to establish the following (see Proposition 25 of Matulef et al. (2010) for a proof):

Fact 14 (Hermite Properties of LTFs) Let f : R" — {—1,1} be an LTF f(x) = sign(w -z —0),
where w € R™ has ||w|| = 1. Then the degree-0 and degree-1 Hermite coefficients of f satisfy the
following properties:

1. f(0) = Egon(oy[f(@)] = m(6);

2. J(e) =\ W (Bannoa f @)])wi = /W (m(@)uws;

3. 2?21 f(ei)2 = W(EzNN(o,l)"[f($>])-

We further recall the following useful properties of the functions m and W (see Proposition 24
of Matulef et al. (2010) for the simple proof):

Proposition 15
1. Egpono,nllz —0]] = 26(0) — 0m(0);
2. |m'| < +/2/m everywhere and |W'| < 1 everywhere;
3. Iflv| =1 —nthen W(v) = ©(n*log(1/n)).

B.1.2. GAUSSIAN VERSUS p-BIASED LINEAR FORMS

The main reason why the Gaussian distribution is useful for us is because if w is a regular linear
form, then the distribution of w - & (when « is uniform random over {—1,1}" or is drawn from the
p-biased distribution u,;) can be well approximated in c.d.f. distance by a suitable Gaussian. This is
a consequence of the well-known Berry-Esseen theorem, which gives quantitative error bounds on
the central limit theorem; in this subsection we state this fundamental result along with a range of
consequences and extensions of it which we will use.
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Theorem 16 (Berry-Esseen Theorem, Feller (1968)) Let X, ..., X, be independent real-valued
random variables with E[X;] = 0, E[X?] = 0? > 0 and p; = E[| X;|%] < oo for each i € [n)]. Let

o= (>, J?)l/ ? and let p = Y.i, pi- Let F(x) denote the cumulative distribution function of
o=t 3" Xi. Then for all t € R, it holds that |F(t) — ®(t)| < 2, or in more detail,

p 1
_ <C. .= . —— _
|F(x) —®(x)| < C 23 TH [P

for all real x, where C' is an absolute constant.

The following is a fairly straightforward consequence of the Berry-Esseen Theorem, and is
essentially a p-biased version of (De et al., 2016, Fact 2.6); it says that the value of a regular

linear form with input sampled from w;; is distributed like a Gaussian up to some small error. For

completeness we give the proof in Appendix G.
Fact 17 Let 0" # w € R"™ be T-regular;, and let p € (0, 1). The we have the following:

1. For any interval [a,b] C R U {£o0},

et (o) o (552)) <1

where (1 = fip - Y w; and o = oy, - ||w]|2.

2. Forany X and any 0 € R, we have

A
Prlw-az—0<\<2——— +2
zug opllwllz op

In particular, if \ = O(7) and ||w||2 = 1, then we have

Pr(| Y wz; — 6] < A < o)

Op

As a p-biased analogue of the (simple) Proposition 31 of Matulef et al. (2010), we note that
the Berry-Esseen theorem lets us easily approximate the expected value of a regular LTF under the
p-biased distribution:

RS

m(yh (9)).

We also have a p-biased analogue of the (more involved) Proposition 32 of Matulef et al. (2010),
which gives an approximation for the expected magnitude of the linear form w -  — @ itself under
the p-biased distribution (see Appendix G for the proof):

Lemma 18 For f(z) = sign(w - & — 0) a T—regular LTF, we have Egyn[f ()]

Lemma 19 For w a 7-regular LTF, we have

Tlwl2

B, llwa—0] =" ulaoy B le- o1 O)]] = [l (26017 0) -} @) m(}6).

n
iﬂf\‘up
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Bivariate statements. For technical reasons we will also require a two-dimensional analogue
of Fact 17. The proof, which uses a multivariate extension of the Berry-Esseen theorem, is sketched
in Appendix G and is a p-biased generalization of Theorem 68 of Matulef et al. (2010).

Fact 20 Let x ~ uy be a p-biased random vector in {—1,1}", and let y be a random vector in
{—1, 1}" that is p-correlated with x (meaning that each coordinate y; is independently set to equal
x; with probability p and is set to a random draw from w, with probability 1 — p) for some p that
is bounded away from 1. Let w € R™ be T-regular, and let {(x) denote the linear form Y " | w;x;.
Then for any two intervals [a, b] and [c, d] in R, we have

| Pr{(t(@), £(y)) € [a,] x ey ] — Do ([0 (@), 0] x ([ (@), wi(@)]) | < O () ,

Op

1

covariance matrix V.

where V = [p P ] and @y denotes the distribution of the bivariate Gaussian with zero mean and

B.2. A structural theorem on regular LTFs under the p-biased distribution

The following is a p-biased variant of Theorem 48 of Matulef et al. (2010); intuitively, it says that
the level-1 Fourier weight of a regular p-biased LTF is captured by the W (-) function that was
introduced in Section B.1.1.

Theorem 21 Ler f1 : {—1,1}" — {—1, 1} be a T-regular linear threshold function. Then

<0(yz)-

Further, suppose that fy : {—1,1}" — {—1, 1} is another T-regular linear threshold function that
can be expressed using the same linear form as fi, i.e., fi, = sign(w - x — 0x) for some w, 61,6
and k = 1,2. Then

<§: fl(i,p)f2(i,p)>2 -W <mNIEq)ﬂ[f1(ac)]> 1% (m%[h(x)]) <o(/z).

gfu,p)? - (B, @)

n
:cwup

P

Proof We first note that we may assume that /7 /0, is bounded below 1, since otherwise the
claimed bounds hold for trivial reasons. Using Lemma 18, we have that for k = 1, 2,

E [fi(@)]=_E [sign(w-a—6)] = m(s;"(9)). (12)

Letx ~ u, and lety € {=1,1}" be p-correlated with & (as described in the statement of
Fact 20) where p = /7 /0, is bounded away from 1. We have that

E[fi(z)f2(y)] = Prlfi(z) = fo(y)] — Pr[fi(z) # fo(y)] = 2Pr[(w-@,w-y) € AUB] -1
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where A = [0y, +00) X [f2,+00) and B = (—00, 61] x (—o0, 62]. Applying Fact 20 and recalling
that w is T-regular, we have that

Pr{(w-z,w-y) € AUB]| % Pr [(X,Y)EEUE

where (01,05) = (13" (01),94" (62)) and A = [0, +00) x [z, +00) and B = (00, 6] x
(—o0,62] and (X,Y) are p-correlated N (0, 1) Gaussians.
It follows that

Blfi(2)/>(v)] % Blhg (), hg (1),

where hg(-) is the function of one Gaussian variable defined as hy (¢) := sign(t — 61). Using
the Fourier and Hermite expansions of f; and hé; and the fact that x, y are p-correlated, we may
rewrite the above approximate equality as:

F1(0,p) f2(0,p) + p - (Zfl i,p)f ) +{ D AAS p) f2(S, )

151>2

QIJ|A

h9~1 (O>h ( ) + phgl Z pkhgl )
k>2

Now by Cauchy-Schwarz (and using the fact that p > 0) we have

SRS P RS < Y SRS 2 [ plSfa(S,p)2

[S]>2 |S|>2 |S|>2
2N A2 Y (S p)?
1S|1>2 |S|>2
ZflSp Zf25P2<p2~
|S1>0 |S|>0

By a similar analysis, we have that

> pFhg (k)hg (k)| < p*.

k>2
We further have by Lemma 18 that
h—(0)= E [h(x)=m) ~ E =
70 = B @) =m@) % B ()] = fuld.p)

and hence
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where the equality is by Equation (10). Dividing by p and using i +p = 71?2 in the error
9p

estimate, we get

S Al flip) '~ 26001) - 26(02) = /W (m(@h) - W (m(@))
=1

where the equality is by Equation (10).
Since we may apply this with f; and f5 both equal to fi, we may also conclude that

T
Ip
~

Zfzp W (m(6))-

Using the mean value theorem, the fact that [W/| < 1 on [—1, 1], and Equation (12), we can

conclude that
T

S fulip)? '~ WELRD).
=1

giving the first required approximate equality. Similar reasoning yields that

n 2 é N
(zm,mfzu,p)) 2 W@ - W (@)
=1

and the proof is complete. |

B.3. p-biased Chow parameters are proportional to weights for regular LTFs

The following is a p-biased analogue of Lemma 6.11 of De et al. (2016); intuitively, it says that for a
regular LTF, the vector of weights is close (after a suitable scaling) to the vector of degree-1 Fourier
coefficients.

Proposition 22 Let f : {—1,1}" — {—1,1}, f(z) = sign(w - © — 6) where w is T-regular and

|lw||2 = 1. Then
S (F(ip) - ale @)w)? < 0 (f) .

1€[n]

n
Proof First we fix some notation: we will write p := Z wjtp, and we observe that with this
i=1

notation we have @b},w} (z) = % Recalling that ¢, (z;) = Z—*2, we begin by noting that

sign(w - x — #) = sign ((Z withp(x; ) - @ZJI[U“’](O)) )
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As we will see, the latter expression is convenient because it contains a linear combination of func-
tions ¢,(w1), . . ., ¥p(w,) which are orthonormal under the w;; distribution.

We consider two cases depending on the magnitude of w[w]( 6)op.

[w]
Case 1: The first case is that [ (0 0)ap| > | /2In(4/ L), or equivalently, —M <In(Z/4).

In this case since f is -1-valued, we have 1 — E[f(z)]? = 4Pr[f(z) = 1]Pr[f(z) = —1] <
4 Pr[f(x) = 1], and since

= fSp)? =D fi,p)?
|S|>0 1€[n]

this yields

ST FGp)? <APr | S wity (@) > wlv(6)

i€[n) Li€[n]

By Hoeffding’s inequality and the assumption on Wz[;w] (0)op| that put us in Case 1, we have that

Z wﬂﬁp(%) > wLw](9> < exp (-2(}[?11)]((9))2) < } l,

2 /52
= ulg/3 ) =15,

so consequently we have that

2
On the other hand, by Fact 14 and the definition of «(-) we also have that Z (a(@bg“] (9))w1) =
i€[n]

W(m(wg“’] (9))). Applying Lemma 18, we get that

B, (@) - mulo)| <0 ().

n
mwup

Observing that that the function W (+) is a contraction (it satisfies |WW’'| < 1), we get that

w (B, 1)) - winwlen| <o ().

Recalling Theorem 21, we further have that:

W< ) Zfzp2§0<,/7>.
ey i€n] o
Putting the pieces together and applying the inequality (a — b)? < 2(a? + b?), we get that
F(i,p) — a(v*)(8 2<9 2 w)?<o(. /=
> (fi,p) — a(v) ST (G2 +2 3 (o ) < =

i€[n] i€[n] i€[n]
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as desired.
Case 2: The remaining case is that lw[w](9)0p| <, /2 ln(4/0lp).
To show that Z (i,p) — a(@bp 1(0))w;)? < e, it suffices to show that

i€[n]
> (F@p)?+ ) (al wz~2§: (41 (0))w;) (13)
i€[n] i€[n]

The analysis just given for Case 1 lets us control the LHS of Equation (13) as

> (@) + > (g (0)wi)* = > (f(i.p))* +a<w£f“]<e>>2@W(m(%w](@)))-

1€[n] i€[n] i€[n]

Turning to the RHS, we have that

2> i, p)a(h(0)wi = 2a((0)) Y f(i,p)wi = 20(¢1)(0)) B

i€[n] i€[n] i

f(=) Z wi¢p(wi)] :

i€[n]
(14
We can re-express the expectation above as

E

n
wN’Mp

F@) Y wihy(ai)

i€[n] i€[n]

=E |f(z) (Z witp (i) — w,Lw]w)) + ¢l (0) E[f(2)]

= E |[sign (Z withp(;) — ][Dw](ﬁ)) Z wihp(x;) — %@“’}(9))]

i i€[n]
+ 9 (0) E [f(2)]
= E [[((z)[] + v (0) E [f ()],

where we write ¢(x) to denote

z) = (Z wiq/}p(xi)> —pllg).
i=1
By Lemma 19 we have that

z”: w0 5 Hm_w}[;,pf”w}< 0 )
= opllwlla™  opllwllz||  e~No opllwllz

Recalling the last equality of Lemma 19, this gives that

NG

Efl((z)]] = E

| "2 B lo-ufo)]

E (0]~ (200) - i @)m(u})0)).

wwu"
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By Lemma 18 we have that

[w] gy T_
B0 5

210 E [f@)] = "l @my0).

n
ZBNUP

Putting these pieces together, we can re-express Equation (14) as

2a(uf(0)) B, | 1) 3wy | = 20070 (Bll@)] + ) O) Bl @) )
i€[n]
(maspen a(0)) (65 +1)-
~ 2a(}(6) - (20(u})(6)))
W17
~ 2 (m(y)9))),

where for the last line we used the definitions of aw and W and the fact that W is uniformly bounded

by /2/.

Since the above analyses of the LHS and the RHS show that each of these can be approximated
by the same quantity 2 (m(vp o] (0))), we deduce that

(" +1)- o+

i€ [n] i€ [n] i€ [n]

It remains only to verify that

(W 1 1) +\f<o< log T><o<\f>

and the proof is complete. |

The following corollary, which applies to the centralized version of the weight vector w (see
the definition immediately before Fact 60) and is an immediate consequence of Proposition 22 and
Fact 60, will be useful for our analysis of the Shapley problem:

Corollary 23
S ((opfirm) = = 3 0 fli.)) — oyl @) (i — - 3 w))” < 0 (V).
i€[n) i€[n) i€[n]

B.4. Structural results on heads and tails of LTFs (Chow version)

Let f(x) = sign(w - x — ) be an LTF, and to simplify the presentation let us assume that its
weights are sorted in magnitude from largest to smallest, i.e., |wi| > |wa| > -+ > |wy|. (Of course
this need not hold for the algorithmic problems on LTFs that we consider, but this can be assumed
without loss of generality for the structural results we are concerned with in this section.) Let 7 > 0.
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Although f need not be T-regular, we can always partition its weights w into “head weights” wpr
and “tail weights” wp such that wr is 7-regular and any longer suffix of w is not 7-regular. Let
H ={1,2,...,} be the set of indices of head weights, andlet 7' = [n] \ H = {...,n — 1,n} be
the set of indices of tail weights.

In this section we prove a number of structural results on the p-biased Chow parameters of the
head and tail variables in an arbitrary LTF. For the original Chow parameters problem we will only
use the p = 1/2 case of these results, but the more general case of p € (0,1) will be used later in
our approach to the Shapley problem.

B.4.1. REGULAR TAIL WEIGHTS ARE PROPORTIONAL TO TAIL CHOW PARAMETERS

We first show that there exists a value v = (0, wg, p) such that f(i,p) ~ a - w; forall i € T.
More precisely, we show that the vector of tail weights wr is proportional to the vector of tail Fourier
coefficients (f(i,p))ier. This characterization will be helpful for recovering the tail weights of an
LTF from its tail Fourier coefficients, and as a corollary also gives an approximation of the Fourier

weight of fonT.

Proposition 24 Let f((zg,zr) = sign(wy - g + wr - xp — 0) where wr is T-regular and
|lwrl|l2 = 1. Fixp € (0,1). Then

S (F(ip) — (8, wir, wrp) - wi)? < O (f)

€T

where we recall that (0, wgr, wr,p) = E

o[0T (0 — wiy - p))] and o(6) = /W (u(0)) as
in Definition 13.

Proof For p € {—1,1}17l let f,(x7) = f(p, 2r) denote f with its head variables fixed to p. Then

Z(f(lvp) - a(@,wH, 'LUT,p) : wi)2

€T
= (EPNULH\ [fo(i,p) — a(wz[DwT](G —wg - p))- wi])2 (By definition)
T
<SE | n((fplin) — a0~ wir - p) - w)?] By Jensen's inequality)
el
=E u [Z(fp(i,p) — a0 —wy - p)) - w;)?]  (By linearity of expectation)
e !
< F(ip) — [wr] (g _ - 0)) - w;)?
< s iEZT(fp(z,p) oy (0 — wir - p)) - wi)
<0 (‘ /é) . (By Proposition 22 applied to f,)

|
As a corollary, we get that the £5-weight of the tail of the Chow parameters v := ||(f(i))ier|l2

and the constant of proportionality a6, wg, wr, p) are good approximations of each other for func-
tions f of the form described in Proposition 24.
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Corollary 25 Let f(x) = f(xpg,xr) = sign(wy - xg + wr - o7 — 0) where wr is T-regular and

A (r/o2)t/4
|lwrll2 = 1. Then ||(f(4))icrl2 = a0, wg, wr,p).

A~

Proof Proposition 24 says that the Euclidean distance between the vectors (f () );er and a(0, wg, wr, p)wr
isatmost O((7/ 012))1/ 4). The corollary follows from Fact 61 since the Euclidean length of the vector
O[(H,U)H,’U}T,p)w’]“ is a(97wH7wT7p)‘ n

B.4.2. PRESERVING THE HEAD CHOW PARAMETERS

In this section we show that exchanging the tail weights wr of an LTF f with other weights w/. of
the same /1 and ¢5 norm does not change the head Fourier coefficients (f(4,p))ics by too much.
This will be helpful for handling instances of the Partial Chow Parameters Problem with missing
tail Fourier coefficients.

The following lemma is a generalization of (De et al., 2016, Lemma 6.13), and its proof closely
follows the proof given there. It essentially says that as far as head Fourier coefficients are con-
cerned, when the tail is regular it does not much matter whether the tail variables are p-biased
Boolean random variables or Gaussian random variables with mean and variance matching the p-

biased distribution over {—1,1}.

Lemma 26 Let f(x) = f(zw,x7) = sign(wy - o + wr - o7 — 0) where (wi, wr) € (RZ)",
and where wr is T-regular. Fix p € (0,1). Recall that f(i,p) = Eg~un[f() - tp(x;)| and let

f(i,p)=E IHlva"’N(Mpﬂ'g)lTl [f () - Yp(x;)]. Then

TH~Up

S (flip) - Flip)? <O () |

2
g
icH p

Proof Define the functions f, f” : {—1,1}/#l — [—1,1] as follows:

f(zg)= E L @m, zr)), f(xn) = E [f(xm,z7)] .

2\|T
a:TNUIL ! :l:TNN(/J’I”o.p)‘ l

Then

S (fp) = Fp)? =D (f'6p) = G p))?

i€H 1€H
<D (F(8) = f(5))°
SCH
= B (/'@ )

< max (f'(z) - f"(x)*,
we{—1,1}HI

where the first equality holds since f’(i,p) = f(i,p) and f”(i,p) = f(i,p) for all i € H by
definition, and the second equality is by Parseval’s identity.
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To upper bound the last expression, we observe that for every p € {—1, 1}|H it holds that

1f(p) = f"(p)|=2-] Pr_[wr-zr>60—wy-p| — Pr [wr - @ >0 —wg - pl|
)T wr~N (p,0 )7
<O(r/op)
where the inequality uses the assumption that wr is 7-regular to apply Fact 17. |

The following theorem is essentially a corollary of Lemma 26. Its proof is similar to (De et al.,
2016, Lemma 6.15).

Theorem 27 Let f(x) = f(xzpy,zr) = sign(wy - g +wr - xp —0) and let g(x) = f'(xg, 27) =
sign(wy - g + wh - x7 — 0) where (wy, wr) € (RZO)", and where wr, ', are T-regular, satisfy
|lwrll1 = ||wh||1, and satisfy ||wrll2 = ||wh|l2. Fixp € (0,1). As in Lemma 26, for h € {f, g}
recall that h(i,p) = Egup [h(x)Yp(i)]. Then

S (FG,p) — (. p))? < O <G> |

ieH p

Proof As in Lemma 26, for h € {f, g} let h(i,p) = E |

H|
TH~Up ,mTNN(p,p,og)

|| [h(2)p(x:)]. By
the triangle inequality we have that

Z(f(zap) - g(iap))2

€H
< Z(f(l7p) - f(i,p))Q + Z(f(l>p))2 - g(iap))2 + Z(g(l’p) - g(i’p))2)2 :
i€eH i€eH i€eH

We prove the theorem by upper bounding each term on the right hand side. By Lemma 26 and the
T-regularity of wr and w’., we have that the first and third terms are upper bounded by O(7/a)).
Furthermore, we claim that the second term is equal to 0. This follows from the fact that for every
1€ H,

Fp) =B e Ny o2y B8 WH - @+ wr - 2p = 0) - ()]
= Bl N (1 02) T [sign(wp - @y + wp - T — 0) - Pp(:)]

= g(i7p) :

Here the first and third equalities are by definition. The second equality uses the fact that wr - 7
and w/, - z7 are both (exactly) distributed as N (p, - [|w]|1, 07 - [|w||3) when xp ~ N (g, ag)m,
which holds since ||wr||1 = ||w/||1 and ||wr||2 = ||w/ |2 [

Corollary 28 When p = 3, Theorem 27 holds without the assumption that ||wr ||y = ||w/|1.

Proof When p = 1, wr - x7 and w} - @y are both (exactly) distributed as N (0, [|wl|3) when

a:TNN(u%,aé)'T' since y11 = Oand o3 = L. [ |
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Appendix C. The Partial Chow Parameters Problem

In this section we prove our main structural result for the Partial Chow Parameters Problem, Theo-
rem 7 (restated as Theorem 30 below). As discussed in Section 6, together with the algorithm and
analysis presented in Section 7, this gives an EPRAS for solving the Partial Inverse Chow Parame-
ters Problem.

We recall the following structural theorem of O’Donnell and Servedio (2011):

Theorem 29 ((O’Donnell and Servedio, 2011, Theorem 7.3)) Let = € (0, 3) and let T = 7(c) be
a certain poly () value. Let f be an LTF f(x) = f(xpg, 1) = sign(wy - xg +wr - x7 — 0) where
H contains all indices i € [n] with |f(i)| > 72 Then at least one of the following holds:

1. fis O(e)-close to a linear threshold function junta f' over xy, or

2. fis O(e)-close to a linear threshold function ' of the following form:

fl(@) = fau,or) =sign(d_vi-zi+y 1> fi) 2 —0) (15)
icH ieT
where 6 € R,vyg = (v1,... ,U‘H|) e R are such that each v; is an integer multiple of

/7/|H| and has magnitude at most 2°0UH1°81HD) | /In(1/7), and where  := (Xier f(i)z)l/z.

We adapt Theorem 29 to obtain our main structural result for the Partial Chow problem, Theo-
rem 7, which was stated in Section 7 and is restated below. It is syntactically similar, but has the key
conceptual difference that it works for the “partial information” case: given only the Chow Param-
eters of an LTF f corresponding to a subset of indices S C {0, 1,...,n}, it specifies a relatively
small set of LTFs which is guaranteed to include one that is close to f in Partial Chow Distance
with respect to .S.

Theorem 30 (Same as Theorem 7) Let ¢ € (0,1) and let 7 = 7(c) = €'%%. Let f be an LTF
f(z) = f(zm,vr) = sign(wy - zg + wr - x7 — 0) where H contains all indices i € [n] with
|f(i)] > 72. Let S C {0,1,...,n}. Then one of the following holds:

1. dchow,s(f,g) < O(e) for some linear threshold function junta g over x g, or

2. dchow,s(f,9) < O(e) for some linear threshold function g of the form

9(@) = glan,or) =sign( Y viwi+ ()7 (X @) m Y rew)-0) a6)

icH i€TnS ieTnNS

where 0' € R,vg = (v1,...,vm|) € RI!A1 are such that each v; is an integer multiple
of /T/|H| and has magnitude at most 20UHIVeH) /In(1/7), where ' satisfies ' = ~
fT CSandy <~ <~v+7if T ¢ S forvy := (ZieTf(i)Q)lﬂ, and where v =

—2ie f(i)?
(O =Zierns F?y1/2
[0S :
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We note the close analogy between Theorem 29 and Theorem 30, and the similarity between
Equation (15) and Equation (16): both have tail weight vectors whose /2 norm is equal to 1, and
when T" C S the tail weight vectors are the same. The differences are that in Equation (16), we use
the same weight r for all of the variables corresponding to missing tail Chow Parameters,’ and use
~' as a slight overestimate of -, the /5 norm of the tail Chow parameters of f (the slight overestimate
is to ensure that r is the square root of a non-negative number).

The main idea behind the proof of Theorem 30 is to upper bound dchow,s( f, g) using the triangle
inequality by

dcnow,s(f,9) < donow.m (f, f) + donow,m (f5 9) + dehow rns (f, 9) (17)

for a function f’ of the form described in Equation (15) and a function g of the form described
in Equation (16), and then to upper bound each term in the right-hand side of Equation (17).
Roughly speaking, by Theorem 29 there is a function f’ of the form described in Equation (15)
so that dcnow, i (f, f) will be small; by the head weight stability result described in Proposition 28
dchow,m (', g) will be small; and by the proportionality of the tail weights and Chow Parameters
described in Proposition 24, dchow, 7ns(f, g) will be small.

We also crucially rely on the regularity of the tails of the weight vectors of the functions f
and g, which is established in Claim 32 and Claim 33 below. Note that we will not explicitly find a
function f’ of the form described in Equation (15), but merely use its existence to prove Theorem 30.

C.1. Useful facts about tail weights

We will use the following lower bound, from O’Donnell and Servedio (2011), on the tail weight of
the LTF in Equation (15).

Fact 31 ((O’Donnell and Servedio, 2011, Equation (8.8))) Let f : {—1,1}" — {—1,1} be an
LTF which has d(f,g) = Q(e?) for every Boolean function g which is a junta on the coordinates

H = {i€n]: (i) =7} for 7 = Q™). Let T = [n] \ H. Theny = (ier f()?)? >
Q(r1/72),

The next two claims establish the regularity of the tails of the weight vectors of the functions f”
and g defined in Equation (15) and Equation (16).

Claim 32 The vector vy of tail weights of each function f' of the form in Equation (15) is 0(7143/72)—
regular.

Proof As stated above, let v = (Y, 1 f (i)2)1/ 2. Since |jup|ls = 1 it suffices to upper bound
||vr|loo in order to establish regularity. We then have that

f( 72
[o7a[es zgleajgc’ (7)‘ < Q) < O(r143/72) | (18)

5. Setting each of the remaining weights equal to r as we do here corresponds to “spreading the remaining power
out evenly.” However, our techniques are fairly robust to the exact way in which we set the missing tail weights in
Equation (16), essentially just requiring that they complete the tail weights to a poly(7)-regular vector with unit /5
norm. For example, if we wanted to “concentrate the remaining power,” we could (up to handling minor rounding
issues) set (1 — >, crns £(i)?)/7? missing tail weights equal to 7 and the rest equal to zero.
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Here the equality uses the definition of v, and the first inequality uses the assumption that | f (1)] <
72 for all i € T to upper bound the numerator and uses Fact 31 to lower bound the denominator. B

Claim 33 The vector v} of tail weights of each function g of the form in Equation (16) is 0(7'71/ 144y
regular.

Proof If 7" C S, then U’T = v and the result follows by Claim 32. So, assume that T’ g S. Let
7,7/, and r be as in Theorem 30. By the definition of 7, ||v/.|]2 = 1 so it suffices to upper bound
|0/ || o in order to show regularity. By definition,

ol = ()" - max({If(0)| : i € TN SYU{r}) .

By assumption, 4/ > ~, and so (/)" - max({|f(i)| : i € TN S} <~ -max({|f(i)] : i €
T NS} < O(r143/72) < O(77/144) by Claim 32.
It remains to upper bound /. Let n’ := |T'N S|. We will use the fact that

2 f0) =05 (-5 X f@7)). a9
i€TNS

i€TNS

7‘22(2(12maxf())ZQ(’y

ye el

where the first inequality is from Equation (18) and the equality follows by the definition of . We
have:

n - (r/y)?=1- % 5 > f)? (By definition of r)
) iéms
1 A ' . )
<(1-— Y F@)+ (1) ~1)  (Multiplying by (v//7)%)
7" sérns v
<n'-0(r?) + ((%)2 ~1) (By Equation (19))
<n - O(*) +0(r/y + (1/7)?) (Since ¥/ <y + 1)
<n' -0 +0(r™V7?), (Since v > Q(r/7?))

Dividing both sides by 7’ and taking square roots, we get that r/+ < O(77'/1*4), proving the

claim. ]

C.2. Proof of Theorem 30

We now prove the main structural theorem.
Proof [Proof of Theorem 30] Fix 7 = €%, By Theorem 29, there exists a function f’ that satisfies

d(f, f") < O(?) and is either a junta over x or is of the form in Equation (15). By Theorem 11,
dchow,s(f+ 1) < dcnow(f, f') < 24/d(f, f') = O(e). If f'isajuntaon H or T' C S then the set of

functions g defined in Theorem 30 will be the same as the set of functions f’ defined in Theorem 29,
and therefore we get that dcnow,s(f, 9) < O(e) for some function g defined in Theorem 30 as well.
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It therefore remains to show that dchow,s(f,9) < O(e) for some function g defined in Theo-
rem 30 in the case where f is 2(2)-far from any junta on H, and where 7' ¢ S. Let f’ again be
a function of the form in Equation (15) that satisfies dcpow (f, f/) < O(€), and let g be the unique
function of the form in Equation (16) with the same threshold 6’ and same head weights vy as f'.
By the definition of partial Chow distance and the triangle inequality,

dchow,s(f, 9) < dchow,mns(f5 9) + dchow,rns(f, 9)
< dchow,mns ([, ') + dchow,mns(f', 9) + dchow,rns(f: 9)
< dchow,u (f+ ') + dchow,ur (f', ) + dcnow s (f, 9)- (20)

We will upper bound each of the terms on the right-hand side of Equation (20). For the first term,
using Theorem 29 and Theorem 11, we have that

dcnow, 1t (f, 1) < denow (f+ 1) < O(e) . (21)

For the second term, let v7 and v/ denote the tail weight vectors of f’ and g, respectively. Using
the 0(7'143/ 2)-regularity of vr (Claim 32), the 0(7'71/ 144 _regularity of v/, (Claim 33), and the fact
that ||ur|| = ||v/;|| = 1, we get by Corollary 28 (recalling the setting of 7 in terms of ¢ given in the
statement of Theorem 30)

denow, 1 (f',g) < O(T™V/1M) < O(e) . (22)

Finally we upper bound dchow,7ns(f, g). Let @ = a(—vp, v7) be the constant of proportional-
ity defined in Proposition 24. Then
NECEYRY a o
donowrrs(f,9) < [ S0 (@) = S7@) + 12| [0 f)
T\ iérns
/
. 2 |17 —« ~
= > @@ —a-)?+ 222 ST fap
i€TNS v i€TNS
717y, |V @ 2o
<O(r )+ | > f) 23)
v i€TNS
71/1728 i/ ;
o=y o(T=) | > fy
v i€TNS

(7_71/1728) +O(T5/72)
(€).

The first inequality is the triangle inequality; the equality follows by the definition of the weights
in vl fori € TN S as v} = f(i)/7'; the second inequality uses the O(77'/14%)-regularity of v/ to

174

apply Proposition 24; the third inequality holds by the triangle inequality since 7/ ~ yandy ~ «
(the former approximation holds by assumption and the latter by Corollary 25); the fourth inequality
holds since v > ~ > 71/72 by Fact 31 and ), 7 g f(z)2 <~ < 1 (by Parseval’s Theorem), and
the last inequality uses the setting of 7 as a function of € given in the statement of Theorem 30.
The theorem follows by upper bounding the terms in the right-hand side of Equation (20) using
Equation (21), Equation (22),and Equation (23). |

IN

IAIA

@)
@)
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Appendix D. The Partial Shapley Indices Problem

In this section we give a quasi-polynomial time algorithm for the Partial Shapley Indices problem by
proving the following theorem, which is our second main result. (See Section A.4 for the definition
of “n-restricted,” and recall from Table 1 that f(7) is the i-th Shapley value of f.)

n
Theorem 34 Let f(x) = sign({(x)) be an n-restricted LTF where {(x) = Zvixi —tisa
i=1
linear form with vy, ... v, > 0 and 7 is an absolute constant in (1/4,1]. There is an algorithm
that, on input {(i, f(i)) : i € S} for some S C [n| and a desired accuracy parameter ¢ satisfying
e>1/ n /12 with high probability outputs a weights-based representation of an LTF g that satisfies

dshapley,s(f,9) < O(e) and runs in 90(10g"® n /=) iy

At the highest level the proof is by a case analysis. In Section D.1 we first establish (Theorem 40)
a preliminary structural result showing that the target LTF f is closely approximated by an LTF f’
with “well-structured” (discretized) weights; having such weights is useful for our algorithm and
analysis. We then proceed by a case analysis based on the 7*-critical index of the approximating
LTF f’, where

g2

o — — — 24

’ (logn)4 @4

There are two cases: The first case, which corresponds to case 1 of Theorem 55, is that the
T*-critical index of f is “large,” more precisely at least

. 4logn 1
ot = max{ng,ElQ}. (25)

The algorithm for this case is a relatively straightforward enumeration over candidate junta LTFs.
The second and more involved case, which corresponds to case 2 of Theorem 55, is that the 7*-
critical index of f’ is between 0 and k*. This case has an analysis which incorporates ingredients
from the aforementioned structural results of both Section B.4.2 and Section D.2 (the latter of which
in turn relies on technical results on approximating Dgy,,p, by a mixture of p-biased product distribu-
tions which are given in Section D.1.3), and the algorithm for this case uses dynamic programming.
We refer the reader to Section 5 for further high-level description.

D.1. Useful facts for Shapley indices

In this subsection we establish some tools which will be used for the proof of Theorem 34.

D.1.1. BACKGROUND RESULTS
We recall several useful facts about LTFs and Shapley indices, starting with the definition of the
Shapley indices:

f@) = E_[f(z"(m,q)) - f(z(m,0))]. (26)

T~Sp,

We begin with a useful and elementary observation which shows that larger weights in an LTF
correspond to larger Shapley indices; the proof is given in Appendix H.
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n

Lemma 35 Ler f(x) = sign({(z)) be an LTF where {(x) = Z wix; — 0 is a linear form with
i=1
Wi, ..., Wy > 0. Then for all i # j € [n), it holds that if w; > w; then j?(z) > f(])

We continue by recalling a theorem about the anti-concentration of measure under the Shapley
distribution Dgp,, and some bounds for the Shapley distance between two function f and f’. Recall
thatan LTF f : {—1,1}" — {—1,1}, f(z) = sign(w-x — ) with w € R" is said to be n-restricted
if 0 € [=(1 =n)[wl, (1 =n)lw]].

Theorem 36 ((De et al., 2017, Theorem 15)) Let ((z) = > ', viz; — 0" be a monotone non-
decreasing, n-restricted affine form where 1 is an absolute constant in (1/4,1], so v; > 0 for
i€[n]and 0| < (1 —mn) >0 |vi| Let 12 < k < n, and let v € R be such that | S| > k where
S={ie[n]:|vi| >r}. Then

Pr ()| <=0 Lo ).

&~Dshap logn C1/6

We require the following results from De et al. (2017) relating Shapley distance, Shapley Fourier
distance, and the Shapley distribution:

Lemma 37 ((De et al., 2017, Lemma 11)) Ler f,g: {—1,1}" — [—1, 1] be LTFs. Then

4
dShapley(fy 9) < V 2Hn—1 : dShapleyfFourier(fy g) + % ;

where Hy, = ©(log k) is the k-th harmonic number.

Lemma 38 ((De et al., 2017, Special case of Fact 7)) Ler f,g: {—1,1}" — R be LTFs. Then

dShapley—Fourier(fa g) < 2\/ Pr [f(l‘) 7& g(:l})] :

mNDShap

By combining Lemma 37 and Lemma 38, we get the following.

Corollary 39 Let f,g:{—1,1}" — [—1,1] be LTFs. Then

dshapley (f; 9) < 0( \/Iogn : wwg;qap[ fx) # g(z)] + ;ﬁ) ,

38



PARTIAL INFORMATION INVERSE POWER INDICES PROBLEMS

D.1.2. A DISCRETIZATION LEMMA

As described earlier, we will perform our case analysis on an LTF f” which approximates the target
LTF f (with respect to Shapley distance) and whose weights (after a suitable rescaling) are integers
that are not too large. The following theorem provides the necessary structural result ensuring the
existence of such an approximation.

Theorem 40 Ler ¢ € (ﬁ, ) and let f : {—1,1}" — {—1,1} be a monotone increasing,
n-restricted LTF where 1 is an absolute constant in (1/4,1]. Then there exists an LTF f'(x) =
sign(327, w; - x; — 0) where 0, w1, . .., w, are integer multiples of 1/(n? - k¥/?) for k = 1/'2,
with 0, w1, ..., wy € [0, 1] and max;c(,) w; > 1/2, such that dspapiey (f, f') < O(e).

Before giving the proof, to motivate the first structural lemma we will use, consider a linear form
¢(x) = v-x — 0" and its corresponding LTF f(x) = sign(¢(x)). We note that given a probability
distribution x over {—1,1}",

o If Pry,[|¢(x)|is small] is large, then for ¢'(z) = o' - & — @' a slight perturbation of
{(x), the corresponding LTF f(xz) = sign(¢'(z)) could be far from g with respect to ¥,
ie. Pro,[f(x) # f'(z)] could possibly be large.

* On the other hand, if Pry.,[|¢(x)| is small] is small, then any slight perturbation ¢'(x) will
be such that for the corresponding perturbed LTF f, the probability Prg,[f(z) # f'(x)]
must be small.

The following lemma formalizes the above observations; for completeness we give its simple
proof.

Lemma 41 Let ((z), 0 (x) be two linear forms such that |{(x) — ¢'(z)| < e forall x € {—1,1}".
Suppose that { satisfies Propg,, [[€(x)| < €] < 0. Then it holds that Pro~pg,, [f(z) # f'(x)] <
d, where f(x) = sign(¢(x)) and f'(x) = sign(¢'(x)).

Proof

Pr [f(z) # f'(x)] = Pr [sign(l(z)) # sign('(z))]

wNDS})ap w’\‘DShap

< Pr [[l(z)| < |l(z) — O (x)]

mNDShap

< Pr [[{lz)]<e]<0o

mNDShap

Theorem 36 provides the desired upper bound on the probability that & ~ Dgpap, has |[¢(x)]
being “too small,” but to apply it we need to ensure that “many” weights w; are “not too small.”
This is ensured by the following lemma:

Theorem 42 ((De et al., 2017, Theorem 3)) Ler g : {—1,1}" — {—1,1} be an n-restricted LTF
where n = O(1), and let k € [2,n]. There exists a representation of g as g(x) = sign(> ;" vix; —
0) such that (after reordering coordinates so that condition (i) below holds) we have: (i) |v;| >
[vig1], ¢ € [n—1]; (i) |0] < (1 —n) D>, vl and (iii) for all i € [0,k — 1] we have |v;| <

(2/n)-+/n - ks - 03, where oy, = \/m
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Rescaling the weights so that the largest weight has magnitude 1, Theorem 42 easily yields the
following corollary:

Corollary 43 Let g : {—1,1}" — {—1,1} be an n-restricted LTF where n = O(1), and let
12 < k < n. Then g has a representation as g(x) = sign(v - x — 0) where the largest-magnitude
weight has magnitude 1, the Q (k) many largest-magnitude weights each have magnitude at least

7= m, and 0] < (1 —n) >0 vl

Now we can give the proof of Theorem 40.
Proof [Proof of Theorem 40] Recall that f(z) = sign(v-z —@'). Let k = 1/¢'? (as in the statement
of Theorem 40). Applying Corollary 43, we may express f(x) as sign(¢(x)), where ¢(z) = v-z—6
and the weight vector v satisfies the properties stated in that corollary. Since /() is guaranteed to
have “many” weights that are “not too small” we may apply Theorem 36 to it, and we get that

1 1
ng;‘hap[‘g(w” <rl= O(logn . W)’

where r = W
Now for each i € [n] we define a rounded version w; of the weight v; which is obtained by
rounding it to the closest integer multiple of W, and we let ¢/(x) be the linear form w - x — 6. It

is immediate that for all z € {—1,1}" we have |[{(x) — ¢'(x)| < W = r, and that max;¢,) w; >

1/2. Letting f'(z) = sign(¢'(z)), by Lemma 41 we have that

Pr(f(e) £ @) <O(1 1s):

&~Dgpap logn

Finally, applying Corollary 39, we get that

mNDShap \/ﬁ

as was to be shown. |

s (1. < O flgn- B [f(a) # 7@+ 72) < 06

D.1.3. APPROXIMATING Dspap BY A MIXTURE OF p-BIASED PRODUCT DISTRIBUTIONS

We will use the following lemma from De et al. (2017) in order to express the Shapley indices in
terms of the coordinate correlation coefficients:

Lemma 44 ((De et al., 2017, Lemma 11)) For f : {—1,1}" — {—1,1} any monotone function,
foreachi=1,...,n we have

floy = LU DD A0 ey Lsm gy ).
j=1

where
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In Appendix B.4 we proved two structural results, Proposition 24 (“tail weights are proportional
to tail Chow parameters”) and Theorem 27 (“‘exchanging a regular tail vector for another regular
tail vector with the same ¢; and ¢2 norm doesn’t change the head Chow parameters by much”),
for general p-biased input distributions. To analyze our algorithm for the Partial Chow Parameters
Problem we only needed the p = 1/2 case of these results, but now we will use those structural
results in their full generality.

Lemma 44 shows that the Shapley indices are closely related to the distribution Dsy,,,. Towards
the goal of employing the results of Appendix B.4 for the Shapley problem, ideally we would like
to define the Shapley distribution Dgap as a mixture of p-biased product distributions w,,. (As a
sanity check of the feasibility of doing this, we note that Dgy,,, and each ug are all exchangeable
distributions: for any one of these distributions, the probability weight assigned to an n-bit string
depends only on the number of 1s in the string.) Recall that the Shapley distribution Dgy,,p, is defined
as follows: it puts zero weight on the strings 1™ and (—1)", and for every other x € {—1,1}", it
assigns weight

r =T = ——\ >
wNDS})ap A(n) (n)

)

where i = weight(z) := [{k € [n] : 2, = 1}|.

How can we draw & ~ Dsg,p, via a random procedure that uses the p-biased product distributions
uy? Towards answering this question, we observe that for i € {1,---,n — 1}, routine calculus
yields that
1 1, 1 1, 1
/ pi(l _p)n—i(P - 1*p)dp _ 1 = .
0 A(n) An)(7)

Therefore Dgyap, can be alternatively defined as follows:

(L 1y ‘
Pr [x=2]=1{i Z£{0,n}}- / Mp’(l —p)" "dp, where i = weight(z).
T~Dshap 0 A(TL)

This leads to the following natural first attempt to define a new sampling mechanism for making a
draw from the Shapley distribution Dgy,p, (Where we write {—1,1}", to denote {z € {—1,1}" :
weight(x) = k}):

FIRST ATTEMPT AT NEW SHAPLEY
DISTRIBUTION SAMPLING MECHANISM:

ORIGINAL SHAPLEY DISTRIBUTION

SAMPLING MECHANISM: 1. Sample p € (0,1) with probability

1 1
e Sample layer k € {1, N 1} with IC(p) proportional to (Ex(g)
probability proportional to % + ﬁ N
2. Then sample layer k € {1,--- ,n —
* Then sample a uniformly random 1} with probability proportional to
point from {—1,1}",. K®)()p* —p»r =14 L.

3. Finally sample a uniformly random
point from {—1,1}",.

Unfortunately, there is a crucial flaw in the above new hoped-for sampling mechanism. The
. . o S+ " .
flaw is in Step (1): a trivial verification shows that fol G A(n‘)p ) dp = o0, and so it is not possible to
actually sample p as described in that step.
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We get around this challenge by restricting the sampling space in Step (1) above to [, 1 — J]
instead of (0, 1) where as we will see soon, we take J to be a very small value (a value which is
1/poly(n) and at most o(1/n)). Thus, it is natural for us to consider the continuous probability
distribution (d) supported on [d, 1 — 4], which is defined as follows:

Definition 45 (/C(0)-distribution) A random variable p is K(9)-distributed if its density is given
1

1,1 1,1 -1
by fics)(p) = C’g(pzl p)foranyp € [6,1—0], where Cs := ( 5175 (p:(;_)p)dp> Aln)

(n) = 2@ 1-1)
Notice that if § is inverse polynomial in n then C5 = ©(1).

Following the above first attempt at a new Shapley Distribution sampling procedure, we can
also define Q(), a continuous mixture of uy, distributions, defined as follows:

Definition 46 (Q(9)-distribution) The Q(¢) distribution is supported in {—1,1}" and is defined

as Pry oz = 2] = [{° fics) (p) Promuy [z = 2]dp.

Using the above definitions, we establish a useful approximation for the expectation of Boolean
functions over Dgy,ap, in terms of the Q(§) distribution:

Lemma 47 Let 6 = 1/n€ for some constant ¢ > land let f : {—1,1}"" — R be such that
| flloc < O()and f(—1)" = f(1™) = 0. Then we have that

E z)——= E x)]| <

m~DShap[f( = mwg(a)[f( )| <

Combining Lemma 44 and Lemma 47 and the definition of the Q(d) distribution (which im-

plies that Ego(s)[f(x)] = Epi(s)[Ez~ug[f()]]), an immediate consequence is the following

approximation of Shapley indices which will be the starting point for various structural lemmas in
later sections:

Lemma 48 Let f be any nontrivial monotone LTF (so f((—1)") = —1 and f(1"™) = 1). Then for

d = 1/n for some constant ¢ > 1, for each i € [n], the value f(i) is additively O(né)-close to the
quantity v; defined below:

o 0m)2  A(n) 1 N RN
O R S FALCT) n;f (G,p)| = v
2 A(n) 1

o f(i.p) ~ > 0 (j.p)
j=1

.—. E
n 2 Cs  p~K(8)

The proofs of Lemma 47 and Lemma 48 are a sequence of routine calculations and are given in
Appendix 1.
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D.1.4. ESTIMATING SHAPLEY INDICES

For completeness we close this subsection with a quick description of a simple sampling-based
scheme to approximate the Shapley indices of a given monotone LTF.

Proposition 49 There is a procedure ESTIMATESHAPLEY with the following properties: The pro-
cedure is given oracle access to a monotone LTF f : {—1,1}" — {—1,1}, a desired accuracy
parameter ~y, and a desired failure probability 6t,;1. The procedure makes O(nlog(n/étaq)/v?) or-
acle calls to f and runs in time O(n?log(n/8taq1)/7v?) (counting each oracle call to f as taking one
time step). With probability 1 — 0ty it outputs a list of numbers a(1), . .., a(n) such that

> (at) - f@) <

i€[n]

Proof The procedure empirically estimates each f (), 7 = 1,...,n, to additive accuracy v/\/n
using the definition of Shapley indices, Equation (26). This is done by generating a uniform ran-
dom 7 ~ S,, and then, for each i = 1,...,n, constructing the two inputs x*(7,i) and z(m, 1)
and calling the oracle for f twice to compute f(z*(m,4)) — f(z(m,4)). Since |f(z™ (7, 7)) —
fx(m,i))| < 2 always, a straightforward application of Hoeffding bounds gives that a sample
of m = O(nlog(n/dg.q)/v?) permutations suffices to estimate all the f (i) values to additive accu-
racy ++v/+/n with total failure probability at most dg,;. If each estimate a (i) is additively accurate
to within +7/+/n, then dshapley (@, f) < 7 as desired. [ ]

D.2. Structural results on heads and tails of LTFs (Shapley version)

Working in the same fashion as in Appendix B.4, let f(x) = sign(w - © — 6) be an LTF, and to
simplify presentation let us assume that its weights are sorted in magnitude from largest to smallest,
ie., |wi| > |Jwa| > -+ > |wy|. Let 7 > 0. Although f need not be 7-regular, we can always
partition its weights w into “head weights” wgr and “tail weights” wr such that wr is 7-regular and
any longer suffix of w is not 7-regular. Let H = {1,2,..., } be the set of indices of head weights,
andletT = [n]\ H ={...,n — 1,n} be the set of indices of tail weights.

D.2.1. REGULAR TAIL WEIGHTS ARE APPROXIMATELY AFFINELY RELATED TO TAIL
SHAPLEY INDICES

We first show that the vector of tail weights wr is approximately affinely related to the vector of tail
Shapley indices (f(z))zeT, more precisely, there exist real values A= ﬁ(wH, |lwrl1, |wrle, 8, 0), B=
é(wH, |lwrl1, ||wr]|2, €, 0) such that f(z) ~ A-w;+ Bforall i € T. This characterization will be
helpful for recovering the tail weights of an LTF from the Shapley indices, and as a corollary also

gives an approximation of the sum of Shapley indices of f on 7.

Theorem 50 Ler f(z) = f(zg,zr) = sign(wy - xg + wr - o7 — 0) be an LTF satisfying
f(a™) =1, f((-1)") = —1 where wr is T-regular and wy, . ..,wy, > 0. There exist real values
A(wg, ||wr||1, |wrll2, 0, 9), B(wwg, ||wr||1, ||wr|l2, 0, ) such that for § = 1/n€ for some constant
c>1,

< < ks 2
Z(f(i) — (A(wn, [lwr|l, lwrl2, 6, 0)w; + B(wa, [[wrl, H’wTH%@ﬁ)) <O (P’ +W*(7Y) - (|H|/n+ V7))
i€T
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Initially, we will prove a simplified version of our theorem asserting the extra assumption
[wrll2 = 1.

Lemma 51 Let f(x) = f(xpg,xr) = sign(wy - xg + wr - o7 — 0) be an LTF satisfying f(1™) =
1, f((=1)") = —1 where wr is T-regular and ||wr|2 = 1, and w1, ..., w, > 0. There exist real
values T'(wy, ||wrl|1,0,9), A(wg, ||wr||1,0, ) such that for § = 1/n€ for some constant ¢ > 1,

o o ° 2
S~ (F) = Ewn, lwrlh, 6, 0)ws + Awn, |wrl, 6,8)) < 0 (n%6% + W(6™Y) - (|H|/n + V7))
€T
Proof

By Lemma 48, we have that

o O(né) 2 A(n) 1

) ~ —+——-—- E
10) n T Cs pis) |°P

n
E = Uj.

Jj=1

:\*—‘

Squaring and summing this difference over all ¢ € T, it follows that we have

o 2
> (fi) —v) <oms). 27)

icT
We now define the quantities ¥;, w;, 0;: The quantity 1J; is the same as v;, but with the summa-
tion over all of [n] inside the expectation operator being instead a sum over all of 7. The second
is the approximation of ¥J; that results from using the affine transformation of the weights of the
linear form (recall Proposition 24) instead of the actual p-biased Fourier coefficients f (-,p). More

precisely,

2 An) 1 2 1 Pl
i=—+——-5 E p) -~ fU, :
V= T Ty G ke | fep) =3 2, 16P)
JeT
2 A(n) 1 2 ket Wk
ety 'c(;'pN%a)[“”aw’wH’wT”’) (wl B

To bound the error incurred by using wo; instead of v;, we observe that

n 2 w A~ ~
Z(Ui_wi)Q = ﬁ(cg Z E |opa(f, wy, wr,p) (wi - ZkEnTk) —op | f(i,p) — % Z f(i,p)

ieT 5 ier \PRO i€[n]
Since 0 = 1/n° for some constant ¢ > 1, it is easy to see that 4(022 < O (In*(671)). Using
Jensen’s inequality and linearity of expectation, we get that
D (vi—wi)?
€T
2
w
SO(IHQ(éil)) : E O-IZ)Z OC(H,UJH,'U)T,p) <wZ_Z:k€Tk> - 7p - Zf 7p
p~K(9) i€T " 'Le[n
(28)
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By applying Proposition 24 to f we get that

> (fi,p) = a0, wp, wr,p) - w;)® < O <\/§> (a)

€T

holds for each p € (0,1). Next by applying for any p the first claim of Fact 60 to (a) with the

. T 9
rescaling factor “c = ‘—n|’ , we have

2

> Z (4,p) — (0, wr, wr, p) -%ij §O<\/U§>. (b)

i€T €T jeT

3\'—‘

Since the sum of all squared p-biased Fourier coefficients is at most 1, by Cauchy-Schwarz we have

that
2

(LS 6w <o(’H’n‘2‘T’) < O(H|/n). ©

i€T jeH
Using Fact 59 to add the last two inequalities, we get:

2

> % > fl:p) = al0,wu, wr,p) - %ij <0 <\f) +[H|/n. (d)

i€T Jj€n] JET

Multiplying (a), (d) by 0’3 = O (1) and using Fact 59 to combine them we get:

2

> | oval0. wir wr,p) (wi - W) oy [ flip) = S i) | | <O (HIn+ VR,

ieT i€[n]

Observing that the RHS above has no dependence on p, we can plug this into Equation (28) and we
get that

D (vi—w@)? <O (W*(67h) pwl;g(&) [0 (|H|/n) +0 (V7)] <O (%Y - (|H|/n+ V7).
1€T
(29)
Finally, combining the bounds from Equation (29) and Equation (27) using Fact 59, we get that

Z(f(i)—wi)QgO( 352+ n%(67Y) - (|H|/n + v/7)).

€T
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To finish the proof it remains only to verify that co; can be written as Tw;+A, where [ = f(w i, lwrl|1, 0, 9)
and A = A(wgy, |lwr||1, 0, 6). This holds because

_ 2 Am) [ 1p+1/(1-p) 2okeln] Wh
Tt /5 Awy |G en e\ v
1 1-6 1 1/(1 —
N </ op-a(f,wy,wr,p) - /p+1/Q1~p) dp) v
2 ) n
i
2 1 [0 1/p+1/(1—
+ (B3 [ o aumr) O gp). (30)
n 2 Js n

i

A

It is important to mention that by Definition 13, it holds that

a0, wy, wr, p) 1= EPNU‘pH‘ [(X(wpwﬂ(e —wh - p))]

where 1/;1[;“”] (r) = %ﬂ'}‘ﬁ‘jh forw € RY,. Therefore, the quantity a(0,wm,wr,p) depends

actually only on (6, wg, ||wrll1,p) since [wr|2 = 1. |

Proof [Proof of Theorem 50] Finally it is easy to see that we can relax the assumption of |wr||; =1
by setting

q 17 |wrlly 6
{é(wH’ ||wT||1, HwTHQ,Q,é) = |LwT||2F(||$ﬁ‘2a HU);H;’ ||wT||275) 31)
[
Bwn, [wrll, lwrlz,0,6) = Alpis., i iy 6)

where f, ﬁ are the affine constants of Equation (30). |

In the special case in which the entire weight vector w is regular, we get the following:

Corollary 52 Let f(z) = f(xy,xr) = sign(wy - g + wyp - xp — 0) be an LTF satisfying
fa™) =1, f((-1)") = —1 where w is T-regular and wy, ..., w, > 0. There exist real values
A(w, |lwr||1, lwrl2, 0, 9), B(wg, |lwr||1, |wrl|2, 8, §) such that for 5 = 1/n€ for some constant
c>1,

< i i 2
Z(f(i) — (A(wg, [|wrll, lwrll2, 0, 6)w; + B(ww, [|wr|, ”wTH270=5>> <O (n°6* +m*(07Y) - (H|/n+ V7))
ieT
D.2.2. PRESERVING THE HEAD SHAPLEY INDICES

The last structural result we require on Shapley indices is an analogue of Theorem 27 for the head
Shapley indices. More precisely, the following theorem shows that exchanging the tail weights wr
of an LTF f with other weights w/. of the same ¢; and ¢, norm does not change the head Shapley

coefficients ( f (1))icpr by too much.
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Theorem 53 Let f(x) = f(axy,xr) = sign(wy - xg +wrp-xp—0) and let g(x) = f'(zy, x7) =
sign(wy - g + W - x7 — 0) where (wy, wr) € (RZY)", and where wr, ' are T-regular, satisfy
lwrlly = [whls, and satisfy Jwrlls = Jw/plle. Suppose that F(I") = g(I") = 1, f(~1)") =
g((—=1)") = —1. Then for 6 = 1/n® for some constant ¢ > 1, we have that

)

S0~ a0 < 0 (|1 + 8200 +

icH
Proof From Lemma 48, we have that each ¢ € [n] satisfies

f(i)ngfs)g_FM.i. E |op(f(i, 12 vi(f).

n 2 Cs p~K(5) n

Applying the above equation with Fact 59, we have

ST - §(0)% < O(HIN?6?) + " (wilf) — vilg))? (32)

i€H i€H

Using the above equation with Jensen’s inequality, we have

Zwi(f)—w(g))?s(f;g?fpw%@ > (o (i - 60 )‘ié(ﬂ%) <j,p>)))2
(33)

To bound the right hand side, we will leverage two facts. First, by applying Proposition 24 to f

and Fact 60, for any p, we get that
1 T 1/4
<Ol —-| = .
Y= (ﬁ (a%;) )

1
a(f -
| > fli,p) — (6, wa, wr, p) - nz
Similarly, applying Proposition 24 to g and Fact 60, for any p, we get that

€T ieT
1 / 1 O\ V4
- smonsto ol (5))

€T i€l
Recalling that the dependence of (6, wgr, wp, p) on wy is only through the quantities |[wr||; and
|wr||2, and recalling that ||wr|[y = ||w7|1 and ||wr||2 = ||w/||2, we can combine the last two
inequalities to obtain

‘i S itin) - Zf(@p)' < 0(\}5 : (;}%)M> (34)

ieT ieT
Next, recalling Theorem 27, we have that
. 2
S (i)~ o) < 0(5).
i€H p
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Applying the third statement of Fact 60 with its scaling factor “c” set to be @, we get that

n

2

~ R 7_2
S )~ i)~ -3 JG) G | <0 (02) . (35)

i€H jEH p

By combining Equation (34) and Equation (35) , we get that for all p € (0, 1),

o) — i) — 2SS o — i) ) ), VT
> (o fin - atin - 2 Y fim -Gm) ) =0+ Y.
€H ]:1
Plugging this back into Equation (32) and Equation (33), we get

S — ) < O (1Hn?) + (ggﬁ) o /),

D.3. Structural Theorem for LTFs under dspapley, s

In this section we establish a structural result which is at the heart of our algorithm for the Partial
Shapley Indices Problem. This result may be viewed as an analogue of Theorem 7, the structural
result that was the core of our algorithm for the Partial Chow Parameters problem.

We will use the following lemma, which appears in a number of previous works (e.g., (De
et al., 2014, Fact 25)). Given a vector w of non-negative weights that are sorted by magnitude, so
lwi| > -+ > |wy| > 0, fori € [n] let us write tail;(w) to denote (3_7_; w?)lﬂ. The lemma says
that, for weight vectors w with sorted weights as above, this quantity decreases geometrically for ¢
less than the critical index:

Lemma 54 Let w = (w1, ...,w,) € R" be such that |wi| > -+ > |wy|, andlet 1 < a < b <
c(w,T), where c(w, T) is the T-critical index of w. Then taily(w) < (1 — 72)®=9)/2 . tail, (w).

Proof By definition of the critical index, |w;| > 7 - tail;(w) for i« < ¢(w, 7). Therefore for
such an i, tail;(w)? = w? + tail;1q(w)? > 72 - tail;(w)? + tail;11(w)?, and so tail; 1 (w) <
(1 — 72)'/2 . tail;(w). The result follows by applying this last inequality repeatedly. [ |

Let us sketch the high level idea for the proof of the large critical index case in the main struc-
tural theorem below. (The small critical index case will be an immediate corollary of the previ-
ous sections’ results.) First, we argue that if the 7*-critical index keitical (77) is sufficiently large,
specifically keriticat > k%, then the single weight wy,« /2 will have larger magnitude than the ¢
weight of the entire tail > ,.|w;|. Then we apply the anti-concentration results Theorem 36 and
Lemma 41 to conclude that in this case the tail weights will rarely affect the sign of the affine
form ¢(xz) = > | w;x; — 6 and hence that f(x) = sign(¢(x)) is close in ¢; distance to the junta
f/(x) = sign(¢(z)) where £ (z) = S-¥ ! w;x; — 0. Finally, we show using Corollary 39 that the
closeness of two functions in ¢; distance implies closeness in (partial) Shapley distance.
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Theorem 55 Let e € (—irg 7T 1). Define 7 := (l ) and k* = max{412§7§, E12} Let f(z) =
sign(w - © — 0) be a monotone increasing, n-restrlcted LTF where 1 is an absolute constant in
(1/4,1]. There is a value 0 < k < k* such that, taking H C [n] to be the indices of the k largest-
magnitude weights in f and T := [n] \ H to be the complementary n — k remaining weights, at
least one of the following holds:

1. dsnhapley(f, [") = O(e) for some LTF junta f" over the variables in H; or

2. The tail Shapley indices are close to an affine transform of the tail weights in the following
sense:

> (F) - Aw, +fa)2 <0(e) ,
i€l

where zzi, B are the values defined in (31) and wr vector is T*-regular.

Proof

The proof is split into two main cases, according to whether the critical index is large (in which
case we show that Item 1 holds) or the critical index is small (in which case we show that Item 2
holds).

Large critical index case (kcritical(7%) > £*):

Without loss of generality, we can assume that the coordinates of the vector w are sorted by mag-
nitude, so |w1| > --- > |w,|. In this case, we will show that Item 1 holds with k := k* — 1 and
H :={1,--- ,k* — 1}. Indeed, we have that

([ (W) 7 =g 12 <n- ([ (w5) 7 =g 12 (Cauchy-Schwarz Inequality)
<n-(1—(7%)2)F/2. ||(wj)?:k*/2||% (Lemma 54 with o« = k*/2, 8 = k)

<n?-(1—(T7))F /2. Wi /o

S ’wz*/2 (k?* Z 422%;; Z 410g(1_(7.*)2).1 (TL)) .

It follows that
([ (w;)i—px < Jwpe 2l - (36)

Having established Equation (36), we are ready to show that if we “zero the tail weights” in f(z) to
obtain a (k* — 1)-junta f’(x) then the ¢; distance (with respect to the Shapley distribution Dgpap)
between f(x) and f’(x) is not too large.

In more detail, we define the junta ¢'(z) = Ef;;l w;x; — 0 and f'(z) = sign(¢'(z)). We can
assume without loss of generality that |¢(z)| # |¢(x) — ¢/(x)| for all z € {—1,1}". If not, we can
ensure this by perturbing the threshold in one of ¢(x), £'(z) slightly without changing the values of
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f(z), f'(z) for any x. Then
Pr [f(z) # f'(®)] = Pr [sign({(z)) # sign(¢'(z))]

xNDSIlap wNDShap

Pr [|t(z)| < |t(z) - ()]

m'\/Z)Shap

Pr [[{(z)| < 2 isge [wil

wNDShap

IN

IN

IN

Pr [[{(z)] < [wye o]

wNDShap
< O((logn) ™" - (k*/2)1/%),

where the penultimate inequality follows by Equation (36) and the final inequality follows by ap-
plying Theorem 36, with its parameters set to r := |wy« /5|, k := k*/2, and n := 7. Therefore,
by Corollary 39,

Btaptes (. 1) < 0 ( s, B U@ # Flal + %) <o) s o) <06,
Small critical index case (Kcritical(7%) < k*):
It remains to analyze the case that the A(T*)—critical index FKcritica(77) is at most k*. In this case,
we will show that Item 2 holds with k& := Fkeitcar(77), H := {1, , kcriticat(77) }, and T' :=
{kcritical(T*) +1,--- 7”}-

By the definition of the critical index, it is easy to check that wy is (7*)-regular. Thus, as an
immediate application of Theorem 50 with § = H—IQ, |H| = keritical < k™ and 7% = log—in, we get that

. < < < <
there exist real values A = A(wp, ||wr||1, |wr||2,0,0 = %), B = B(wg, ||wr]1, ||wrle, 8,6 =
%) such that

;(ﬁ(i)—fiwﬂré)z§0<711+10g2(n)_(’::Jr\/;))
<0(e) ,

where the second inequality holds by the definition of 7, because £ > nl}M > %, and because

k* < max{log**n, n'2/14}. [ |

D.4. An algorithm for the Partial Inverse Shapley Index Problem

In this section, we show how to leverage the structural result Theorem 55 to give an algorithm
for recovering the weights of an LTF that are very close to being consistent with a subset S of its
Shapley indices.

D.4.1. RECOVERING TAIL WEIGHTS BY DYNAMIC PROGRAMMING

We start by presenting a subroutine, RECOVERWEIGHTS, for recovering weights w = (w1, ..., wy,)
corresponding to an LTF that (approximately) minimizes the objective function

SO(f0) — Aw; + B,

€S
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subject to certain constraints. Using the characterization in Theorem 55, Item 2 of the tail Shapley
values as affine functions of their corresponding input weights, this will allow us to output an LTF
g with small dspapley,s(f, g) for functions f with low critical index.

The algorithm takes the following as input:

e Aset S = {(aj,1):1€ S} of values «; (to be thought of as approximations of Shapley
indices f(i) of an LTF f(x) = sgn(} ;" , v;z; — 0)) and corresponding indices for some
subset S C [n];

* the number of weights n;
* a granularity parameter -;

* target {1 and {5 norm values W; and W5 for the weight vector w, with W; an integer multiple
of -y and W an integer multiple of 72;

* aregularity parameter T;

i <
* and constants A, B.

The algorithm outputs a vector of non-negative weights w = (wy,...,w,) that minimizes the
objective function ) . ¢(a; — /iwi + 103)2 subject to the constraints that each w; is an integer
multiple of -y, each w; < 7Wo, ||w||1 = W1, and ||wl|2 = Wa.

The algorithm works by dynamic programming. It constructs a table 7" indexed by three values:
anindex i € {1,...,n},atarget £; norm value W{ € {0,~, 27, ..., Wi}, and a target £2 norm value
W5 € {0,7,v2y,...,Wa}, where W1 is an integer multiple of v and W2 is an integer multiple
of v2. Each entry T'(k, W{, W}) contains a weight vector prefix w = (w1, ..., wy,) of length k
that minimizes the objective function SA[k] (o — /iwi + é)Q over all weight vector prefixes
w' = (wf],...,w;) satisfying the constraints that each w; is an non-negative integer multiple of +,
w, < 7Wa, ||w'||i = W1, and ||w’||2 = WJ. (The entry in T'(k, W{, WJ) contains L if no such
vector w’ exists.)

The algorithm works by constructing “layers” of I" indexed by k, starting from k£ = 1, and
constructing layer k from layer k — 1 for k = 2, ..., n. Its final output is w := T'(n, Wy, Ws).

Theorem 56 The procedure RECOVERWEIGHTS(S, n, vy, Wi, Wa, T, /i, é) outputs a weight vec-
tor w satisfying the conditions that w = ~yz for some z € (Z=°)", |w|1 = Wi, |w|2 =
Wa, |w|loo/||w||l2 < T that minimizes the objective function ), ¢(c; — Aw; + é)z over all weight
vectors satisfying those conditions. Moreover, RECOVERWEIGHTS runs in poly(n,1/~, W1) time.

Proof We prove by induction on k that T'[k, W/, W3] contains a vector w = (wz,...,wy) with
[wlly = W7 and [[w||2 = W3 that minimizes 3, g (i — Aw; + §)2 if such a vector exists. The
base case where k = 1 is clear.

For the inductive case, assume that there exists a weight vector that satisfies all of the required
conditions, and let w = (w1, . .., wy) denote a vector that minimizes the quantity >, g (@i —

Aw; + é)Q among all satisfying vectors. Consider w* = (wj,...,w;_,) = T[k — 1, W] —
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Initialize an n x (W /y + 1) x (W2/+? + 1) table T, by setting each of its entries to L.

for w; € {0,7,2v,...,7W>} do
| Set T'[1,wy,wi] < wy.
end

fork=2,...,ndo

for W| € {0,v,27,...,Wi}, W5 € {0,7,v2,...,W>} do

// Identify a feasible set of weight vectors of length k
achieving the desired ¢; and {2 norm.

Vs {w = (w*, wg) : wi € {0,7,27,...,7TWa},w, < W3,
w* = T[k -1, Wll — Wk, ((WZ/)2 - w}%)l/Q] 7&—]-}
// Identify a feasible weight vector minimizing the

objective function.
T[k, Wll, Wzl] <— arg minwev ZiESﬂ[H(ai — sz + B)2 (or 1LifV = ®)

end

end

return 7'[n, Wy, Wa].
Algorithm 1: RECOVERWEIGHTS(S, n, vy, Wy, Wa, 1, A, B)

wi, (W5)2—(w})?)'/?], which must exist and satisfy 2iesnp—1) (i —Aw] +B)? < > iesnk—1](Ci—

/ifwi + §)2 by the induction hypothesis. The algorithm will therefore consider the pair w’ =
(w*, wy), which is optimal by the assumption that w is optimal, as needed.

We next turn to analyzing the algorithms’s runtime. The table T used in RECOVERWEIGHTS
has O(n- Wy /v-W3/v?) = O(n-W3 /43) entries. Updating each of these entries (other than those
in the first layer) requires computing V', which takes O(7Ws/v) = O(W;/~) time, and checking
which w € V minimizes the objective function, which takes O(|V'|-|S]) = O(n- W7 /) time. The
algorithm’s runtime is dominated by the total time required to update these entries, which is at most
O(n? - Wi/~y4). [ |

D.4.2. MAIN ALGORITHM FOR THE PARTIAL SHAPLEY VALUES PROBLEM

Now we are ready to present the main algorithm for the Partial Shapley Values Problem. This
algorithm takes as input a set of Shapley values and corresponding indices S = {( f (1),i):i€ S}
for some S C [n] of an LTF f(z) = f(z1,...,2,) = sgn(d> ., viz; — 0). The algorithm is
analogous to the algorithm in Section 7.1 for the Partial Chow Parameters Problem, and works in
three steps.

In the first step, the algorithm sets parameters and guesses the size of the head H and tail T'
indices of f. As in the first step of the Chow algorithm, the algorithm will only need to know
(guess) |H| and |H N S|; note that fixing a guess for |H N S| fixes the corresponding set H N S by
Lemma 35, and also fixes the sizes and identities of 7'M S and |T’|. (How the indices not in S are
partitioned between H and T is irrelevant since any permutation of indices not in .S will result in
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candidate LTFs g with the same Partial Shapley Distance with respect to S, dshapley,s(f, ¢).) In the
second step, the algorithm enumerates all LTFs in a relatively small (quasipolynomial size) set based
on the structural result in Theorem 55. Enumerating the LTFs in this set is more nuanced than in the
corresponding step in the Partial Chow Parameters Problem, and requires guessing additional values
and calling the dynamic programming routine RECOVERWEIGHTS from the previous section. In
the final step, the algorithm checks which of the candidate LTFs g generated in the previous step
satisfies dsnapley,s(f, 9) < O(e), and outputs one of them. This final step domaintes the algorithm’s
runtime, which is again quasipolynomial.

The idea behind the algorithm’s correctness corresponds to the two cases in Theorem 55. In
the first case (the “large critical index” case), we will enumerate all junta LTFs g on H whose
weights are discretized to some precision -y. In the second case (the “small critical index” case), we
will enumerate all LTFs g of a particular form. We will start by considering a discretized version
=z, zr) = sgn(wly - xg + wh - xp — ¢') of f whose weights wi, ..., w], and threshold 6’
are integer multiples of . The goal of the algorithm will be to (approximately) recover f’, which
by Theorem 40 is close in Shapley distance to f.

The head weights wy of g are set to be those of f’, which are guessed to some precision
(in a similar way to the large critical index case). The tail weights wr of g are set to be (roughly)

affine functions of the input Shapley indices f (i) by calling RECOVERWEIGHTS on input values

a; = f(i) fori € SNT. (Although our overall goal is to recover an approximation of f, it is useful
to think of f” as the “ground truth” function whose tail weights we’re trying to recover via the call
<

to the subroutine RECOVERWEIGHTS, and of the input values o; = f(i) to RECOVERWEIGHTS as
(g
noisy versions of f/(7).)
By two applications of the triangle inequality,

dShapley,S(fa g) < dShapley,S(fv f/) + dShapley,S(f/7 9)
< dsnapley,s (f+ ) + dsnapley, ins (f's 9) + dsnapiey,rns(f, ) -

We will show that dspapley,s(f,g) < O(e) by upper bounding each of the three terms on the
right-hand side. Roughly speaking, we will show that dspapiey,s(f, f') < O(e) by the discretization
result in Theorem 40, that dsnapiey, ins(f’, g) < O(e) by the head Shapley index stability result
in Theorem 53, and that dspapley, 7ns(f”, g) < O(e) by the result showing that tail weights are affine
functions of their corresponding Shapley indices in Theorem 50.

We next present the full algorithm and analysis for the Partial Shapley Values Problem.
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1. (a) Define 7 := login and k = max{41°§Z",€%}. as in Theorem 55. Fix the granularity
parameter  := 1/(n? - k*/2) as in Theorem 40.

(b) Guess the size of the head | H| € [k] and the size of | H N S|. Identify the |H N S| elements of

S for which f (1) is largest as the corresponding guess for H N S. Set H equal to the union
of HN S and |H| — |H N S| arbitrary indices not in S. Set T" equal to [n] \ H.

2. For each setting of H in Step 1, enumerate all LTFs of the following forms (corresponding to the
two cases in Theorem 55):

(a) Enumerate all junta LTFs g on H.
(b) Enumerate all LTFs g of the form

9(@) = g(zn, vr) = sign(wy - oy +wr - x7 = 0),

obtained by enumerating all combinations of a number of values, and then setting
w1, - .., Wy, 0 according to the subsequent procedure.

Enumerate the following:
i. Head weights wy with w; € {0,+,2v,...,1} fori € H,
ii. The threshold 6 € {0,~,2y,...,n},
iii. Wy € {v,2v,...,n},
iv. Wo € {v,v27,...,n}.

Set w1, ..., wy, 0 as follows:
i. Set the head weights wy; and threshold 6 equal to the enumerated values.
ii. Compute A = fi(wH, Wi, Wa, 0,1/n?), B= l%(wH, W1, Wa, 0,1/n?) using the for-
mulas in Equation (31).
iii. Set the tail weights as
wr = RECOVERWEIGHTS({(f(z‘)),z’) i eTHI|T|,~, Wi, WQ,T,ﬁ,é).

3. For each candidate LTF ¢ generated in Step 2, compute an empirical estimate g(i) of each of the
Shapley Values §(i) fori € S so that [g(i) — g(i)| < &/+/|S| with confidence 1 — 8¢5 /(| S| - M),
where M is the total number of LTFs enumerated in Step 2. Output (a weights-based representation

of) the first g such that ||(f(i))ics — (3(0))ies|| < O(e).

Theorem 57 There exists an algorithm for the Partial Inverse Shapley Index Problem with the fol-
lowing guarantees. It takes as input four things: (1) a set {(i, f (1)) : i € S} for some n-restricted,
monotone increasing LTF f : {—1,1}" — {—1,1} withn € (1/4,1] and some S C {0,1,...,n},
(2) the length n of the input to f, (3) an error parameter € € (ﬁ, %), and (4) a confidence param-
eter gy > 0. It outputs a weights-based representation of an LTF g : {—1,1}" — {—1,1} such

that dgpapiey,s(f, g) < O(e) with probability 1 — d¢,;1, and runs in time 90(log!®n/e4) | log(1/0¢a5).
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Proof We start by arguing that the above algorithm is correct, beginning with analysis similar to
that in the Chow algorithm. By taking a union bound, it holds that all |.S| - M estimates g(7) of the
Shapley Indices §(i) of candidate LTFs g with i € S in Step 3 will be accurate to within a £/1/]S]|
additive error factor with probability at least 1 — dg,;1. In this case our estimates will all satisfy
1(9(0))ies — (9(i))ies|l < &, and hence by the triangle inequality |(f(i))ics — (9(i))ies|| — & <
dshapley,s (f>9) < ||(f(i))ies — (g(4))ies]|| + € for every candidate LTF g. So, in this case, we will
output a candidate LTF g if and only if it satisfies dshapiey,s(f,9) < O(e).

In terms of correctness, it remains to show that one of the enumerated LTFs g satisfies
dshapley,s (f, g) < O(e). By Theorem 40 we have that there exists an LTF f’ such that dgpapley (f, ')
O(e) with weights and a threshold which are integer multiples of v — as defined in Step 1 of the
algorithm,  := 1/(n? - k*/?).

We consider the two cases in Theorem 55 for function f/(z) = sign(> ;" ; wjx; — ¢’). In the
first case, dshapley (f',9) = O(¢) for some junta LTF g on H. All such discretized junta LTFs on
H are enumerated in Step 2a, and so the algorithm enumerates a g satisfying dShapley’s( fig) <
dshapley ([, f') + dshapley (f', 9) < O(e), as needed.

In the second case, we’re guaranteed that there exist constants A , B’ such that Y ier( f’ (i) —
Al wh + B )2 < O(e) and w/ is T—regular, where constants Al , B’ are given by Equation (31) for
0= # and w’, #’. We will show that there exists a function g enumerated in Case 2b that satisfies
dShapleyﬁ( fy9) < O(e). To do this, we observe that by two applications of triangle inequality,

dShapley,S(fa g) < dShapley,S(f7 f/) + dShapley,S(fla 9)
< dsnapley,s (f+ ) + dsnapley, tins (f's 9) + dsnapiey,rns(f’, 9) -

We will show that each of the three terms in the right hand side is upper bounded by O(¢) in turn.
As established earlier, dshapiey,s(f, f') < O(e).

Next, we argue that dshapiey, ins (f/, 9) < O(e). Because f’ has weights and a threshold that are
integer multiples of +, the algorithm will enumerate guesses wy, 8, W1, and W, that are equal to the
head weights w’;, threshold #’, £, norm of the tail weights ||w/.||1, and £ norm of the tail weights
|w/r||2 of f’, respectively. For such correct guesses, the procedure RECOVERWEIGHTS will output
tail weights wy of g such that ||wr||1 = |w/ |1 and |Jwr||2 = ||w/||2. Observe that wy, w). are
7-regular. Thus, by the head Shapley index stability result in Theorem 53 (with § = 1/n?), we get
dshapley, ns (', 9) < O(e).

Finally, we argue that dspapley, 7ns(f’, 9) < O(e). Recall that

SU(G) — Al + B)? < Oe). (37)
€T

Applying dshapley,s(f, f') < O(e), we get that

S (@) — Al + B)? < Oe). (38)

€T

Consider the case when the algorithm has correctly guessed the head weights w;, threshold ', ¢;
norm of the tail weights ||w/.||1, and £2 norm of the tail weights ||w/.||2 of f’, respectively. By its
correctness, RECOVERWEIGHTS will therefore output tail weights wr of g and threshold # which
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satisfy (i) ||wp|l1 = |lwr||1 and [|wh[|2 = [|wr||2 and (i) & = ¢ and the following holds:

> (@) = 4w+ B)? < 0Ge). (39)
€T
However, since by its correctness, RECOVERWEIGHTS will also guarantee that the weight vector
wr 1s T-regular, it will imply that (by Equation (31)),

N (G) — A w; + B)? < 0(e). (40)

€T

Thus, applying both Equation (39) and Equation (40),

S (50) - f(0)? < O(e). 41)

€T

Combining with the fact that dspapley (f, f') < O(e) and applying triangle inequality, this implies
dShapley,TﬂS(f/a 9) < O(E)

We now turn to analyzing the runtime of the algorithm. We start by analyzing how many LTFs
M’ are enumerated in Step 2 for fixed guesses of |H| and |H NS| in Step 1. This number is
asymptotically dominated by Case 2b, where there are O((1/)" - n/~) possible choices for # and
wj for i € H, O(n/v) choices for W7y, and O(n?/~?) choices for Wy. Because v = 1/(n? - k¥/2)
and k < 4log” n/e'?, we enumerate a total of

M = (1/,}/)k+4 . poly(l/e) — nO(log9 n/e'?) (logg n/812)0(10g18 /ety _ 2é(log18 n/e24) .
LTFs in Step 2 (for fixed |H|).

In Step 1, we make O(k?) = O(n?) guesses for |[H| and |[H N S|, so we get that the total
number of LTFs enumerated by the algorithm is

M=M. O(nQ) _ 2é(log18 n/e24) ‘ (42)

Computing /(i B requires evaluating the formulas in Equation (31), which is efficient. For each
guess of w; fori € H, 6, W1, Wa, we call RECOVERWEIGHTS, which runs in poly(n, 1/v, W;) =
poly(n,1/vy) = 20010g” n/=%) {ime (since W7 < 1) which is asymptotically dominated by the
upper bound on M in Equation (42). So, the total time needed to enumerate the M LTFs is also
2O(log18 n/e?4) )

Concluding, the algorithm enumerates M = 20(0g"* n/=*") | TFg in O(log'® n/e?*) time, so
the algorithm’s runtime is dominated by the time needed to compute estimates g(7) of the Shapley
indices in Step 3 for each of the M functions g enumerated in Step 2. The total runtime of the
algorithm is the same function of M as in the Chow algorithm (Equation (6)), which is

021 1o (S5 ))1) =220 e
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Appendix E. Fourier and Hermite analysis

E.1. Fourier analysis over {—1,1}"

Viewing {—1,1}" as endowed with the uniform probability distribution, the set of real-valued
functions over {—1,1}" forms a 2"-dimensional inner product space with inner product given by
(f,9) = Egz[f(x)g(x)]. The set of functions (xs)scn) defined by xs := [[;c5z: forms a com-
plete orthonormal basis for this space. Given a function f : {—1,1}" — {—1,1} we define its
Fourier coefficients by f(S) := Eg[f(z)xs(x)], and we have that the Fourier representation of
fis f(z) =>2 SCln] £(S)xs (note that this is the unique representation of f as a multilinear real
polynomial).

We will be particularly interested in f’s degree-1 coefficients, i.e., f (S) for |S| = 1; we will
write these as f (i) rather than f({i}), and we note that these correspond precisely to the Chow Pa-
rameters of f. Finally, we recall Plancherel’s identity, which states that (f,g) = > SCln] £(9)9(9),

and the special case of Parseval’s identity, which states that E,[(f(x))?] = sCn f(9)2=1.

E.2. Hermite analysis over R"

Here we consider functions f : R™ — R, where we think of the inputs = to f as being dis-
tributed according to the standard n-dimensional Gaussian distribution N(0,1)". In this con-
text we view the space of all real-valued square-integrable functions as an inner product space
with inner product (f,h) = Eg.n(1)»[f(x)h(x)]. In the case n = 1, there is a sequence
of Hermite polynomials ho(z) = 1,hi(z) = z,ho(x) = (22 — 1)/v/2,... that form a com-
plete orthonormal basis for the space. These polynomials can be defined via exp(Az — \?/2) =
S d = 0°(\/V/d!)hg(z). In the case of general n, we have that the collection of n-variate poly-
nomials { Hg(z) := [[i" hs, (i) }senn forms a complete orthonormal basis for the space. Given
a square integrable function f : R™ — R we define its Hermite coefficients by f (S)=(f, Hg), for
S € N™ and we have that f(z) = 3¢ f(S)Hs(z) (with the equality holding in £2). Again, we
will be particularly interested in f’s degree-1 coefficients, i.e., f (e;), where e; is the vector which
is 1 in the i-th coordinate and 0 elsewhere; observe that f(e;) is E,,. N(0,1)7)[f (z)x;]. Plancherel’s
and Parseval’s identities are easily seen to hold in this setting.

Appendix F. Useful inequalities

In this section we record some useful elementary inequalities.

Fact 58 Suppose that A, B are non-negative and |A — B| < n. Then |v/A — v/ B| < %
A-B] _ 7
WVA++VB| ~ VB

Proof |[v/A—/B| =

Fact 59 Leta,b,c € R" with ||a — b||3 = O(e1) and ||b — c||3 = O(g3). Then

lla — c||§ <O (g1 +e9).
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Proof Itis easy to verify that ||z —y||3 < 2||x||3+2]|y||3, and consequently we have that ||a—c||3 <
2(la — bl|3 + 2[[b— |3 < O(e1 + &2). m

Given any vector v € R", let us write v to denote

1EN Ui

n

| = (1,---,1),
which we call the centralized vector of v.

Fact 60 Let a,b € R™ be such that ||a — b||2 < n. Then for any constant ¢ € [0, 1] it holds that

‘ ZiEn @i o ZiEn bi
n

n

< % and ||(a — cay) — (b —cby)ll2 < O (n).

Proof It suffices to prove only the first claim since the second and the third one can be obtained
from the first via the triangle inequality. For the first we have

cllaj —byll2 < m,

ai—bi

| | o
— = 1 e 1 . < — i—0; S - — g ~ _ S .
llay =byll2 = (L, Dll2-] — < Tn > lai—bil =lla=bl1 = “=lla=bll2 <7

1EN 1EN

Fact 61 Leta,b € R™ with ||all2 < 1, ||b]|2 < 1 such that ||a — b||3 < n. Then
[lallz = 16l2) < v and |l = bl3] < 2v/5

Proof The first claim holds by the triangle inequality, since ‘ ||lall2—||b]|2 ‘ < |la—bl|2. For the second

claim we have that ‘ Z:(al2 —b)| = ‘ Z(ai —b;)(a;+b;)| < Z(ai +b;)? Z(ai —b;)2 <
i=1 i=1 i=1 i=1
23°(@ + B)la — bll2 < 27 "
i=1

Fact 62 Leta,b,c € R™ with ||a — b|j1 < nand ||c||oc < O (1). Then
a=b)-[ <o)

Proof We have that

> (@i —bi)ei

i

(a=b)-c| =

< ai=bil-leil < lelloe Y lai—bil = [lellos - [la—b[x = O(n)

as claimed. [ |
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Appendix G. Consequences and variants of the Berry-Esseen theorem for p-biased
linear forms

Recall Fact 17:
Fact 17. Let 0" # w € R" be T-regular, and let p € (0, 1). Then we have the following:

1. For any interval [a,b] C R U {£o0},

Eylo-eeii- (o(58) o (24)) <

where |1 = fip - Y - w; and o = oy - ||w]|2.

2. For any X\ and any 0 € R, we have

A
Pr jw-a—0<\N<2—— +2.
Tup opllwl|2 Tp

In particular, if \ = O(7) and ||w||2 = 1, then we have

o(r)

Prijw-x —0| <)\ <

Proof For part (1), we apply Theorem 16 to the random variables Y7, ...,Y, where Y; = w;x; —
ppw; for i € [n]. It is straightforward to check that for each i we have that E[Y;] = 0, E[Y;?] =
o} = oy - wi, and E[|Y;’] = 8p(1 —p) - (p* + (1 — p)?) - w] < 8p(1 — p) - w}. Therefore

0 =1/2i10; = 0opllwlzand p =377 E[[Yi]*] < 8p(1—p)- w3 < 8p(1—p)-wll3-[[w]|,
and hence by Theorem 16 and the 7-regularity of w it holds that for any 6 € R,

n
8p(1—p) - Jwl]3 - 2
|Pr[o E a(0)] < L= vls ol 27 43)
P o - wllz p

We also have

Pr [w-xz <60 =Pr

n
:1:~up

o

b—n ] (44)

where u = Emwu;z [w - ] (we note for later reference that if all coefficients of w are non-negative,
then this value is equal to ), - [[w]|1). We get part (1) of the fact by combining Equations (43)
and (44) twice, once setting § = a and once setting § = b.

For part (2), we have

Prflw-x—0| <A =Prlw-xeld—\0+ )]

wwu"
T

A
< DRIO = N) IO+ N) +2 - <2 2

Op UprH2 Up.
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|
Recall Lemma 19:
Lemma 19. For w a T-regular LTFE, we have
H ll2 w w w w
B lwe—0] TR oy B {le= )] = Jwlhop (260 0) - O)m(uf(0))).

Proof The proof closely follows the proof of Proposition 32 in Matulef et al. (2010) with minor
changes. Using the fact that E[r] = +°° Pr[r > s|ds for any nonnegative random variable r for
which E[r] < +o00, we have that:

+o00
E [jw-z— 0] = / Pr [lw-a — 6] > s|ds
T~up 0 T~uP

+oo +oo

:/ Pr[w-m>9+s]d8—|—/ Priw-x < 60— s|ds
0 0
+00 +oo

:/ 1—Pr[w~w<0+s]d3+/ Prjw-x < 0 — s|ds. (45)
0 0

It follows from the Berry-Esseen theorem (Theorem 16, the more detailed bound) that |(45) —
(A)| < (B), where

= [ T (0 + 5)) + D6 — ))ds,

+00 1 1
B)=0 T) ds.
B) <ap /0 1+|¢,Lw}(9+s)13+1+y¢[w]( — )3 °

too 1 1
We have that (B) = O ( = ds = O (7]lwllz2).
Tp [w] 3 [w] (g 3
0 14+ (049  14[¢p (60— s)
Turning to (A), we observe that (A) can be reexpressed as

+o0
(A):/o 2~ N{01) ['*‘pzwl +lwllzop@ — 0] > 5] ds = E |[up(} wi) + w20, — 0]

%

Dividing by ||w||20,, we have
(4) = B |lup(Y_ wi) + [wlleope — 6] = w20, E [l — vl (0)]].
i
Using now part(1) of Proposition 15 we get that

(4) = llewllzop (20(051(0)) — ) @)m(u}9)))

as desired. |
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G.1. Bivariate bounds.
Recall Fact 20:

Fact 20. Let © ~ uy be a p-biased random vector in {—1,1}", and let y be a random vector in
{—1, 1}" that is p-correlated with x (meaning that each coordinate y; is independently set to equal
x; with probability p and is set to a random draw from u,, with probability 1 — p) for some p that
is bounded away from 1. Let w € R™ be T-regular, and let {(x) denote the linear form Y ;" | w;x;.
Then for any two intervals [a,b] and [c, d] in R, we have

| Pr((¢(=), t(y) € a.8] x [e,d]] = Do (@) vi )] x [l (o), vl @) ) | < O <) ,

Op

where V = [p P ] and ®q v denotes the distribution of the bivariate Gaussian with zero mean and

1
covariance matrix V.

Fact 20 is a p-biased analogue of Theorem 68 of Matulef et al. (2010). The proof uses the
following multidimensional analogue of the Berry-Esseen theorem (the statement below can be
found as Theorem 16 in Khot et al. (2007) and Corollary 16.3 in Bhattacharya and Rao (1986)):

Theorem 63 (Multi-dimensional Berry Esseen) Let X, --- , X, be independent random vec-
tors in R? satisfying:

* E[X ] =0forallj=1,...,n, and

_ 2 BlIXG 1) < o0

n

2j=1 Cov(X;)
n

LetV := , where Cov denotes the covariance matrix, and let \ be the smallest eigen-

?:1 Xj
Jn

@ v denote the distribution of the bivariate Gaussian with zero-vector mean and covariance matrix

value of V' and A be the largest eigenvalue of V. Let Q,, denote the distribution of , let

1
V and let n = Cps——, where C is a certain universal constant. Then for any Borel set A, it
Vi3
holds that

[Qn(A) — @0y (A)] <7+ Bound(A),

where Bound(A) is the following measure of the boundary of A: Bound(A) = 2sup,cg2 ®o,v (DAY +
y), where f = \/KU and (aA)", denotes the set of points within distance 1 of the topological
boundary of A.

Proof of Fact 20. We first rewrite Pr[(¢(x), {(y)) € [a,b] x [¢,d]] as

Pr KZ wi(@i — pp) Yo wiYi — Mzo)) € [ (a), 1 (b)] % [@wl(c),zp})w}(d)]] .

lwllaop 7 [lwll2oyp P
We will apply Theorem 63. First we define some new random variables: let

\/ﬁwi

pllwll2

Li = (Al,B,L) = ( (QZZ — Hp),
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fori = 1,...,n. Since each x; and y; is individually a p-biased random variable over {—1, 1}, it
is easy to see that E[L;] = (0,0), and it is also straightforward to verify that the covariance matrix
of L; is

,_ |Cov(A;, A;) Cov(A;, By)| nw? [1 p
Cov(Ls) = [Cov(Bi,Ai) Cov(B;, B;)| ~ Juw|Z |p 1

=3 >eevmy =13 [ 1= [ ]
(et HWHQ po 1l 1
and consequently the eigenvalues of Vare A = (1 —mn) and A = (1 + n). We note that || L;||2 =

wl nw .
A2+ B? = Vi Ve + (yi — 1y)?- and hence B|| Lil 3] = [ Since /(@i — 1) + (yi — ) <

apllwl2

2+/2 with probability 1, we have that || L; |2 < 2‘!3""4@”" < 2\1_2:"7 with probability 1. Consequently
we have

_ S BIILE] X ElL3)

It follows that

=0

-max{||Li|2}
1€[n]

n o n
_2n i w? 2 2nT:25/2n1/2l_
n w3 Op Op
Recalling the value of A and the definition of 7, we get that n = O(1 — p)~ 327 and since p is
Op

bounded away from 1, this is O(7 /o).

It is easy to check that for any iy € R2, the measure under @ of the y- translate of the set
of points within distance 7 of the topological boundary of [wz[,w] (a), @Z)},w} (b)] x [@ZJP (o), [w] (d)] is
O(1). Since i’ = (1 + p)*/?n, this is also O(7/a).

Thus it holds that

Pr((((2). £(y)) € [a,8] x [e.d]] - 2o ([} <>W(>1><[w,[,wkc),v,z};w](d)])\so(T),

which is the desired statement.

Appendix H. Proof of Lemma 35: Shapley indices are monotone in LTF weights

Recall Lemma 35:

Lemma 35. Ler f(x) = sign(¢(x)) be an LTF where {(x Z wix; — 0 is a linear form with

Wi, ..., wy > 0. Then for all i # j € [n], it holds that if w; > w; then f( ) > ‘]g(j)
Proof

Rephrasing Equation (26), the Shapley value for a voter can be expressed as the fraction of all
n! orderings of the n voters in which she casts the pivotal vote. More precisely, for a given ordering
(permutation) 7 € S,,, an index ¢ is the unique pivotal index if starting from x = (—1)" and flipping
coordinates of  from —1 to 1 in the order specified by m, flipping x; changes f(x) from —1 to 1.
We thus have

2. |{m €S, : i is the pivotal index in 7 order}|

2, 2 .. . . )
f@) = E Z 1{i is the pivotal index in 7 order} =

! n!
ﬂ'ESn
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Let h : S,, — S, be the following swapping involution:

w(@) = n() = ¢ {ij}
h(x) = 7' = { #/(i) = n()
7 (j) = (i)

We will show that if j is the pivotal index in permutation 7, then ¢ is the pivotal index in permu-
tation h (7). For simplicity of notation in the proof, we write PR(7, k) to denote the predecessors
of k in permutation 7, i.e PR(m, k) := {¢ € [n] : 7(¢) < w(k)}. Thus equivalently we would like
to show that:

Z wy, < 0 and Z wy, < 6 and

i ) FEPR(m) then 4 FEPR(().0)

Z wy +w; >0, Z wy +w; > 0.
kePR(r.j) ke PR(h(w),i)

To complete the exchange argument, we split the permutations where j is the pivotal index into
two cases: whether or not ¢ is the predecessor of j in 7.

Case 1: i € PR(m,j). By definition of the swapping involution, j € PR(h(7),1).
Additionally, it easy to check that
PR(m, j) \ {1} = PR(h(m), i) \ {j} (a)
PR(m, j) \ {1} U{j} = PR(h(r),i) (b)

Since 7 is pivotal in 7, we have that:

Z wg < 0

{ j is the pivotal index in permutation 7 } < kePR(mj)
Z wg +w; = 0
kePR(m,j)
Z wy +w; < 0 Z wg + w; < 0
ke PR(m,j)\{i} g kePR(h(r),i)\{j}
Z wy, +w; +w; >0 Z wy, +w; +w; >0
ke PR(m,j)\{i} kePR(h(m),i)\{j}

Z wy +w; < 6
S kePR(h(m),i)\{7}

wy, +w; +w;j >0
ke PR(h(m),i)\{j}

{ j is the pivotal index in permutation 7 } h

Z wy < 0

kePR(h(r).i)

Z wg + w; > 0
ke PR(h(r),i)

=3 { @ is the pivotal index in permutation h(7) }.
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Case 2: i ¢ PR(w,j). By definition of the swapping involution, j ¢ PR(h(m),7). Additionally, it
easy to check that
PR(m,j) = PR(h(7),i) (c)

Since 7 is pivotal in 7, we have that:

Z wg < 0

{ j is the pivotal index in permutation 7 } < kL R(m3) A
Z wg + wj = 0
kePR(m,j)

Z wg < 6 Z wg < 0
k€PR(m,5) g k€PR(h(r),i)

Z wg +w; > 0 Z wg +w; > 0
kEPR(r,j) ke PR(h(r)i)

{ i is the pivotal index in permutation h(7) }.
|

Appendix I. Proof of Lemma 47 and Lemma 48: The unnormalized Q(J) measure
approximates Dgy,;, to high accuracy

The following useful result intuitively says that the measure given by C%s Q(9) can take the place of
the Shapley distribution Dgy,,p, and incur only small error:

Lemma 64 For § > 0, we have

n/2
1 1 1 1
dry [ = Q(8), Dspap | < —— - O Hl+ = Prjg=-1"+—= Pr [z=17,
(G Q00 P ) < 0 | )| 4 Pr = 1w Pr =1

and consequently for 6 = 1/n€ for some constant ¢ > 1, it holds that

DS

k=1 $E{—171}2k

S Pr [x=2z]—- Pr [z=71]

<
Cs x~Q(9) #~Dghap

Proof Recalling that Pry.py,, [x = +£1"] = 0, let us fix an € {—1,1}" such that 0 <
weight(z) < n. Let k = weight(x). Then we have that:

1 1761% ﬁ k k 1% ﬁ k k
— P —zl— P =zl = - 1—p)" "dp — - 1—p)" "d
s mNQr(é)[w ] wm;ap[w ] /5 An) p"(1—p)" "dp AW p*(1 —p)""dp
1 1 1 1
,_{_7 ,_{_7
p 1-p k n—=k P 1-p ( Kk n—=k n—k k
= p(l—p dp:/ p(l—p +p 1—p)")dp
/[o,glum,u Ay PP oy A0 0=D) (=)
1 — n— n—K— —L . n— n—Rr—
=/ PP A —p)" A =) (= p) R (1 - )R dp
(n) Jio,q1
1 k| skl sn—k | sn—k+1
< -
< 1w (5 okt gk s )
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Consequently for any 1 < k < n — 1 we have that

2.

ze{-1,1}2

= Pr x=1"— Pr [x=z1]

(&) (s, sk ke
< 5 ) +1 5" k 5 k+1
Cs £~Q(9) @~Dspap - ( + + + )’

which yields (assuming without loss of generality for simplicity that n is odd)

n—1

>, 2

k=1ze{-1,1}",

L Pr [x=2]—- Pr [z=72]

-1
— &) nk e
< ; T(kn) (5"3 4 R s ’f“)

(n=1)/2 (n
(&)

-9 k k+1 n—k n—k+1
; —A(n)@ + 85 45 F 4 )
< i((sk +5k+1)7
(n)
k=1
Thus, it holds that
1 1 o2 1 1
drv | =—Q(5), Dspap | < —— - O 5)* — P =—1"4+—=— P =17
(90 P ) < 550 | 09 |+ g Pr =) P =
and the lemma is proved. |

Now we are ready to prove Lemma 47 and Lemma 48:

Lemma 47. Let 6 = 1/n° for some constant ¢ > land let f : {—1,1}" — R be such that
I £lloe < O(1) and f(—1)" = f(1") = 0.Then it holds that

1 O (né)
LB @) g E )] < G
Proof
! 1
LB U@l-g B @)= 3 @) Prog=d-f@g Prlr=d

ze{-1,1}"

3 f@) Pr [w=2]-f)~ Pr [z—21]

ze{-1,1}n\{-17 1"} @~Dsnap Cs ~Q(6)
O (nd)
< .

where the second equality uses f((—1)") = f(1™) = 0 and the last inequality is by Lemma 64
together with a straightforward application of Fact 62. |
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Lemma 48. Let f be any nontrivial monotone LTF (so f((—1)") = —1 and f(1") = 1). Then for

d = 1/n€ for some constant ¢ > 1, for each i € [n], the value f (1) is additively O(nd)-close to the
quantity v; defined below:

FCV2 A L o)== 1 G.p)| =
f(Z) ~ n + 2 C(S pN:E(é) f (Z7p) n]glf (])p) =
_2, A0 1 oy LN
T T B, ol e) - ;Upf(%p)
Proof
f(l) _ fQam) _T]:((_l)n) + A(Zn) 6 - %Zf*(j) (Lemma 44)
j=1
= % + A(Qn) : (awgsmp f(x) (xl — Zkii"]wk>]> (Definition of f*(7))
OE@) g + ﬂ . i . E fl@) | =i — M (Lemma 47)
n 2 Cs x~Q(5) ’ n
“nt TG e |TOP TR L S0 =

J=1

giving the first claimed approximation (where the last equality holds recalling that f*(i,p) =
Ez~up [f(x)x;], recall Table 1). For the second statement, observe that as a straightforward conse-
quence of the definition of f*(i, p) we have that

f*(i,p) = 0pf(ip) + B [f(@)] pp.

n
mN’le

Using the above equivalent definition we get that:

a:Nug n

P =23 P = 0l + B @y~ - Y (00 ) + B @l
j=1

= o | fp) - > FGw)
j=1

which gives the second statement as claimed. |
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