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ABSTRACT

We revisit the use of probabilistic values, which include the well-known Shapley
and Banzhaf values, to rank features for explaining the local predicted values of
decision trees. The quality of feature rankings is typically assessed with the inser-
tion and deletion metrics. Empirically, we observe that co-optimizing these two
metrics is closely related to a joint optimization that selects a subset of features to
maximize the local predicted value while minimizing it for the complement. How-
ever, we theoretically show that probabilistic values are generally unreliable for
solving this joint optimization. Therefore, we explore deriving feature rankings by
directly optimizing the joint objective. As the backbone, we propose TreeGrad,
which computes the gradients of the multilinear extension of the joint objective
in O(L) time for decision trees with L leaves; these gradients include weighted
Banzhaf values. Building upon TreeGrad, we introduce TreeGrad-Ranker, which
aggregates the gradients while optimizing the joint objective to produce feature
rankings, and TreeGrad-Shap, a numerically stable algorithm for computing Beta
Shapley values with integral parameters. In particular, the feature scores computed
by TreeGrad-Ranker satisfy all the axioms uniquely characterizing probabilistic
values, except for linearity, which itself leads to the established unreliability. Em-
pirically, we demonstrate that the numerical error of Linear TreeShap can be up to
10*® times larger than that of TreeGrad-Shap when computing the Shapley value.
As a by-product, we also develop TreeProb, which generalizes Linear TreeShap
to support all probabilistic values. In our experiments, TreeGrad-Ranker performs
significantly better on both insertion and deletion metrics. Our code is available
athttps://github.com/watml/TreeGrad.

1 INTRODUCTION

So far, decision trees remain competitive as recent empirical studies show that gradient-boosted de-
cision trees (Friedman, 2001) tend to perform better on larger or irregular tabular datasets compared
to neural networks (Grinsztajn et al., 2022; McElfresh et al., 2024). Often, decision trees are deemed
easier to interpret due to their rule-based structures.

In explaining model predictions, the Shapley value (Shapley, 1953) has gained attention due to its
uniqueness in satisfying the axioms of linearity, null, symmetry, and efficiency (Lundberg & Lee,
2017). Generally, it is intractable to compute the Shapley value exactly. Thus, many efforts have
focused on developing efficient Monte-Carlo methods (e.g., Jia et al., 2019; Covert & Lee, 2021;
Zhang et al., 2023; Kolpaczki et al., 2024; Li & Yu, 2024a;b) or frameworks that train models to
predict the Shapley value (Jethani et al., 2021; Covert et al., 2022).

Despite that, the Shapley value for explaining decision trees can be accurately computed in polyno-
mial time (Lundberg et al., 2020; Yang, 2021). To our knowledge, the most efficient algorithm is
Linear TreeShap (Yu et al., 2022), which runs in O(L D) time while consuming O(D? + L) space.
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Here, D denotes the depth of the tree, whereas L refers to the number of leaves. Alternatively, Kar-
czmarz et al. (2022) advocated the use of the Banzhaf value (Banzhaf III, 1965) because it is more
numerically stable to compute.

On the other hand, Kwon & Zou (2022b) argue that the Shapley value could be mathematically sub-
optimal in ranking features and other members of Beta Shapley values (Kwon & Zou, 2022a) tend
to perform better. Note that all the concepts mentioned belong to the family of probabilistic values
uniquely characterized by the axioms of linearity, dummy, monotonicity, and symmetry (Weber,
1988). Empirically, Kwon & Zou (2022a;b); Li & Yu (2023) note that there is no universally the
best choice of probabilistic values in ranking features or data. Then, a question arises: how reliable
are probabilistic values in ranking features?

The quality of feature rankings are typically measured by the insertion and deletion metrics (Petsiuk
etal., 2018; Jethani et al., 2021; Covert et al., 2022). In this work, we start by demonstrating how co-
optimizing these two metrics is closely related to a joint optimization that finds a subset of features
to maximize the predicted value while its complement minimizes it instead. Using this perspective,
we theoretically establish that

« if an attribution method is linear, which include all probabilistic values, then it is no better
than random at optimizing the joint objective, as shown in Proposition 1;

* feature rankings induced by probabilistic values can be obtained by substituting a linear
surrogate for the joint objective and solving the resulting linearized optimization; opera-
tionally, this linearization does not always faithfully represent the original objective.

To circumvent such pitfalls, we explore deriving feature rankings by directly optimizing the joint
objective. The focus of our work is on decision trees, and our algorithmic contributions can be
summarized as follows:

* As the backbone, we develop TreeGrad (Algorithm 11), which computes the gradients of
the multilinear extension of the joint objective in O(L) time and space for decision trees.
These gradients include weighted Banzhaf values (Li & Yu, 2023).

* Building on TreeGrad, we introduce TreeGrad-Ranker (Algorithms 2 and 10), which ag-
gregates gradients while optimizing the joint objective to produce a vector of feature scores.
This design is motivated by the fact that any symmetric semi-value can be expressed as an
expectation over this gradient field (see Appendix A). In particular, as proved in Theorem 1,
the resulting feature scores satisfy all the axioms uniquely characterizing probabilistic val-
ues, except for linearity, which itself leads to the unreliability established in Proposition 1.

e Although Linear TreeShap is theoretically guaranteed to compute the Shapley value in
polynomial time, as shown in Figure 2, it suffers from severe error accumulation. Based on
TreeGrad, we therefore develop TreeGrad-Shap (Algorithms 6 and 7), an equally efficient
and numerically stable algorithm for computing Beta Shapley values (Kwon & Zou, 2022a)
with integral parameters. Empirically, the numerical error of Linear TreeShap can be up to
10*® times larger than that of TreeGrad-Shap when computing the Shapley value.

* As a by-product, we propose TreeProb (Algorithm 3), which generalizes Linear TreeShap
to all probabilistic values. Specifically, the numerical instability in Linear TreeShap stems
from the use of an ill-conditioned Vandermonde matrix. We alleviate this issue by replacing
it with a well-conditioned matrix. Although this introduces numerical underflow for deep
decision trees, the resulting errors are less severe, as shown in Figure 2.

2 BACKGROUND

Notation. Let N be the number of features and write [N] := {1,2,...,N}. Then, x € RY
denotes a specific sample. For convenience, the cardinality of a set S C [N] is denoted by its
lower-case letter s. Meanwhile, we write S Ui and S \ ¢ instead of S U {i} and S\ {i}.

A trained decision tree f is associated with a directed tree 7 := (V, E) where V and FE refer to
all the nodes and edges. 7 is rooted because there exists a unique root » € V' such that for every
v € V we can find a path P, C FE starting from r to v. Moreover, each non-root node v has one
parent m,,, and each non-leaf node v contains two children a,, and b,,. For each non-leaf node v, it
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Figure 1: An example of a binary decision tree to illustrate our notation. Each node v is covered
by ¢, instances. Non-leaf nodes (v) split a feature [,, using threshold 7, while leaf nodes make
prediction g,,. Each edge e = (u, v) is equipped with weight w, = ¢, /¢, and feature [, = L,,.

is associated with a threshold 7, € R concerning a specific feature I, € [IN]; x is directed into a,,
if x;, < 7, and b, otherwise. For each v € V, let ¢, be the number of training data covered by
the subtree rooted at v. Each edge ¢ := (u — v) € E is weighted by 0 < £ < 1, and we write
he = v; plus, e is labeled with [,,. Therefore, w. and [, refer to the weight and the label of e. Then,
we define P; , = {e € P, |l =i} and F,, := {l.: e € P,}. For every edge e € P,, denote eT
by its nearest ancestor along P, that shares the same label with e; e may not exist. For each node
v, let L, be the set that contains all the leaves of 7 that can be reached from v. Then, we define
Li = {v' € L, | (m, — v) is the nearest edge ancestor of v’ labeled by I,,,, }. For each leaf node
v € L, let p, € R denote its predicted value. We denote by D the depth of 7 and by L the number
of leaves of 7. Note that |V| = 2L — 1 and D < L. We assume that all the features in [N] are used
by 7T, and thus N < |V|. A simple example with D = 3 and L = 4 can be found in Figure 1.

For a polynomial p(y) of degree deg(p), we write p(y) = de:go(p) pri1y”, ie., we denote its coef-
ficients by the corresponding bold letter p € R9°&(P)+1_ Then, the inner product of two polynomials
is (p(y), q(y)) = (P, ).

2.1 PROBABILISTIC VALUES AND SEMI-VALUES

One popular way of ranking features is the use of probabilistic values, as it uniquely satisfies the ax-
ioms of linearity, dummy, monotonicity, and symmetry (Weber, 1988). Precisely, each probabilistic
value can be expressed as

6 (fx) = > wert [x(SUD) — fx(S)], (1

SCIN)\i

where w € RY is non-negative with 3"r_, (¥ wy, = 1 and f(S) = Ex,. [f(xs, Xs¢)] where
Xg is the restriction of x on S and S¢ := [N] \ S. Following Lundberg et al. (2020), there are two
choices for sampling X s-. One choice is to use the marginal distribution; however, this has been
argued to be unreliable, as it uses off-manifold data and thus may produce manipulable explanations
(Slack et al., 2020; Frye et al., 2021). We follow the other choice (Algorithm 8), which may be
seen as a convenient approximation of the conditional distribution. This approach has recently been
adopted for computing Shapley interactions (Muschalik et al., 2024). If we further add the consis-
tency axiom, the family of probabilistic values shrinks, and the remaining members are referred to
as semi-values (Dubey et al., 1981; Li & Yu, 2023). Specifically, ¢* is a semi-value if and only if
there exists a Borel probability measure p over the closed interval [0, 1] such that for every k € [N],

1
Wi :/ th=11 — )Nk du(t). 2)
0

In particular, weighted Banzhaf values and Beta Shapley values are semi-values, with the latter
including the Shapley value (Shapley, 1953) as a special case. We refer the reader to Appendix A
for more details. ¢*( fx) will be used to denote semi-values.
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2.2 LINEAR TREESHAP

Previously, Yu et al. (2022) introduced Linear TreeShap capable of computing the Shapley value
3PP (£,) in O(L D) time and O(D? + L) space. We notice that a counterpart with the same time
and space complexities also appeared in Karczmarz et al. (2022, Appendix E), conveniently referred
to as TreeShap-K. Since Yu et al. (2022) offer a more compact set of definitions for describing how
the relevant terms traverse the tree, we follow the concepts used by Linear TreeShap. In Appendix D,
we demonstrate how to evolve Linear TreeShap into TreeShap-K.

Linearization of the approximation of fs. For each i € [N] and v € L,, we define z € II; ,
if x satisfies all the splitting criteria along the path P, that involves feature ;. The convention is
xz € II; ,, if P;,, = 0. Then, for eachi € [N] and v € L,, a function v; ,: RY — R is defined by
Yiw(X) = Ixem,, * [leep,, w-- Then, fx(S) = 3_,cp, R3(S) where each path-dependent rule

function RY : 21N — R is defined by setting R%(S) = o, - & [Lics viw(x).

The Shapley value of RY. From now on, we will omit x occasionally for simplicity. Since

qﬁ?hap( fx) = 2 ver, ¢Shap(R”) it suffices to demonstrate how to compute the Shapley value of
each RY. According to Yu et al. (2022, Lemma 2.2),

¢§hdp(Rv) QUCUCSTZ};LF 1) Z (|Fv|5— 1>_1 H oo = (Yoo — 1)t ( Go(y) )

SCF\i jes 1+ Yiw t Y

where G, (y) = sz” [Ler, (1475 - y) is a polynomial of y," and 1(p(y)) = (p(y), Bacg(p)(¥))
1

where By(y) == d+1 Zk 0 (k) y*. Since y;,, — 1 = 0if i ¢ F,, the focus is on the cases where

G, (y) is divisible by 1+, - y. The key idea is that the coefficient of y* in HjeFu\i(l +9j0-y) is

exactly Zlgcl?k\l I jes Vi.v» Which shows that the Shapley value of interest can be computed using

polynomial operations. Before proceeding, for each edge ¢ € E, define a function v.: RY — R
by letting v (x) = Lxem, - He’ePLe,he w%/ where x € II. if x satisfies all the criteria along the
path P, that involves feature [.. Conveniently, if e is the last edge in F; ,, then v; ,, = v.. While
traversing down a path P,, G,(y) is what Linear TreeShap computes. For traversing up the tree,
we adopt the computation proposed by Karczmarz et al. (2022, Lemma 5) as it is more elegant;

Sha, Gy
precisely, fi) P(fx) Zlee:b; ZUGLL (’Ye — 1) X0 <1+,Y(f)y)

Why does Linear TreeShap run in O(LD) time. The computational efficiency comes from the
so-called scaling invariability equality (Yu et al., 2022, Proposition 2.1),

b(p(y)) = (p(y) - (1+y)*) where k> 0. 3)
Accontingly, () = 52 (= 10 ey £ (1940 ) where d.
eclb ,le=1

maxve Ly, deg(G,(y)). Clearly, the significance of Eq. (3) is that it is now possible to sum over

(& e ”)y }ueLT and then compute ZveLT qSShap (RY) using ¥ only once. Without Eq. (3), ¢ would

be evaluated |Lhc| times instead. Please see Appendix B on how 1 is implemented.

3 How UNRELIABLE ARE PROBABILISTIC VALUES IN RANKING FEATURES?

Suppose f outputs the probability of a class, and let ¢» € RV denotes feature scores for the prediction
f(x). Then, a higher ¢; indicates that the i-th feature contributes more positively to increasing
fx. Typically, the quality of ¢ is measured by the insertion and deletion metrics (Petsiuk et al.,
2018). Notice that these two metrics only employ the ranking 7 : [N] — [N] induced by ¢, i.e.,
Or(1) = Pr(2) =+ = Pr(v)- The two metrics are as follows:

Ins(7; fy) = sz" (S, (7)) and Del(r; fy) = sz" 4)

!'Since wy¢ = wny1_¢ for the Shapley value, 1 + Yk,v - Y is interchangeable with v, ., + y.
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where S () = {n(1),7(2),...,7(k)} and S; (7) = {7(N),7#(N — 1),...,7(N — k + 1)}.
A higher Ins(7; fx) indicates that the top-ranked features contribute more posmvely to increasing
f(x), whereas a lowers Del(7; fx) indicates that the bottom-ranked features contribute more neg-
atively. Let S} (7) = arg MaX g+ () Ix(S; () and S () = arg ming .y fx(Sy (7)). Then,
S} () can be viewed as the positive features identified by 7, whereas S () contains negative ones.
Empirically, we observe that a higher Ins(7; fx ) is often associated with a higher f (S (7)), which
essentially corresponds to finding a subset ST that maximizes fx(S™). Similarly, the deletion met-
ric is closely related to finding a subset S~ that minimizes f,(S~). Meanwhile, it is expected that
ST = [N]\ S~. Therefore, equally co-optimizing Ins(+; fx) and Del(+; fx) is closely related to

maxurnlze (fx( ) — fx([N]\ 9)). (5)

SCIN

Next, we will theoretically demonstrate why probabilistic values are generally unreliable in solving
the problem (5).

Consider an arbitrary set function U : 2% — R and define Dy by letting Dyy(S) = $(U(S) —
U(IN]\ S)). We will show that for each probabilistic value ¢*(U), there exist two distinct sets
Sy and Sy such that ¢*(U) can not reliably differentiate between the two hypotheses Dy (S1) <
Dy (S2) and Dy (S1) > Dy (S2). Following Bilodeau et al. (2024); Wang et al. (2024), a hypothesis
test is a function h : RY — [0,1] that takes as input a contribution vector, such as ¢*(U), and
outputs the possibility to reject the null hypothesis Dy (S1) < Dy (S2). Then, the reliability of a
test h can be bounded.

Proposition 1. Suppose ¢(fx) € RY is linear in f, with N > 3, which includes all probabilistic
values. Then, there exist distinct sets S1 and Sz such that Sy # [N] \ Sz and

1(h; = inf 1-h inf h <1.
Rel(hi $1.80) = inf (L= h(GU)]+, - dnf - h(U)) <

In particular, for a random guess i = 0.5, we have Rel(h; Sy, S) = 1. Therefore, this proposition
indicates that for each probabilistic value, there are hypotheses such that it can not reliably reject.
The intuition behind this proposition is that a linear operator maps vectors of dimension 2% into
significantly compressed ones of dimension IV, leaving vast room for not detecting non-negligible
differences. This may limit how well probabilistic values are in solving the problem (5), or equiva-
lently, ranking features.

Proposition 2. Let 7 be a ranking induced by a probabilistic value ¢* ( fx) such that ) (fx) >
o) (fx) 2 o+ = %) (fx). Foreveryl <k < N, St = {r(1),7(2),...,7(k)} is an optimal

solution to the problem

1
maxnnlzef g (S) —g*([N]\ S
ximize 3 (6°(5) (1] 9)
where g* is the best linear surrogate for fx, i.e., g* = argmin ¢, ZSQ[N] Ns1(fx(S) — g(S))?

with £ = {g : g(S) = to+>_,cg ti}. The weights satisfy (i) n1,nn+1 > 0 and (ii) ns = ws +ws_1
for2 < s < N.

Let S} := argmaxgc(ny,s|=k 2(fx(S) = fx(INJ\S)). Then, S;" can be treated as an approximate
solution to .S} Taking it a step further,

maximize dfx(S) = maximize dfyx(W)=~ maximize df(W).
SC[N] f(S) We{Sy: 1<k<N} f(W) We{S;: 1<k<N} fx(W)

where dfx (S) = 3 (fx(S)— fx([N]\S)). It suggests that the use of probabilistic values is equivalent
to substituting linear surrogates for fx while optimizing the problem (5).

Why not optimize the problem (5) directly? The problem maximizeg U(S) is known to be NP-
hard (Feige et al., 2011). Alternatively, one may resort to a linear surrogate as it is more tractable.
However, such a linearization comes at the expense of not accurately representing the behavior of fy.
In what follows, we will demonstrate that decision trees are well-structured such that it is practical
to solve the problem (5) using gradient ascent. Meanwhile, we are able to obtain feature scores that
satisfy all the axioms uniquely characterizing probabilistic values, except linearity.
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Algorithm 1 TreeGrad (Simplified Procedure)

Input: Decision tree 7 = (V, E') with root r, instance x € R, point z € [0, 1]V
Output: Gradient g

Function traverse (v, s =1):
e+ (my, = v)
if e exists then
- EE—— _
‘ 5 =21 +21 4 Vet (1 z1, + Zle’ye)
else

| s+ s-(1—z, +21.7)
if v is a leaf then

‘ 5+ % -5
else

‘ $ < traverse (a,, 8S) + traverse (b,, s)
if €T exists then

\ Hlhet) < Hhet] — s
H[v] < H[v] + s

H{v]

a1, <—9le+(7e—1)'m
return s

Initialize H[v] = 0 foreveryv € V
Initialize g = Oy

traverse (a,)

traverse (b,)

return g

Algorithm 2 TreeGrad-Ranker with Gradient Ascent (GA)

Input: Decision tree 7 = (V, E') with root r, instance x € RV, learning rate € > 0, total number
of iterations T’
Qutput: A vector of feature scores ¢
Initialize z = 0.5- 1y and { = Oy
fort=1,2,...,Tdo
g < 5 (TreeGrad(T, x, z) + TreeGrad(T, x, 1y — 2))
Z<4—Z+e-g
z + Proj(z) // z; + min(max(0, z;), 1)
(5 ¢+i8
return ¢

4 TREEGRAD-RANKER

To make fyx: 211 — R differentiable, the first step is to make its domain continuous. Following
Owen (1972), the multilinear extension of fy, denoted by f, : [0,1]Y — R, is defined by letting

fxl(z) = 2_sC[N] (HjeS’ zj) <Hj¢s<1 - zj)) /x(S). Then, the problem (5) is relaxed as

NN -
maximize 5 (fx(2) = fx(1n —2)). (6)

This relaxation is justified by the following proposition.

Proposition 3. Suppose the optimal set S* for the problem (5) is unique, then 1g+ whose i-th entry
is 1 ifi € S* and 0 otherwise is the unique optimal solution to the relaxed problem (6).

Then, according to Owen (1972, Eq. (8)), we have

Vida = > (I=)( I 0 2)isvi - as @

SC[N]\i ‘jes jgSui
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An O(L)-time TreeGrad for computing gradients. Since Vf, (z) = 3 . L. VR, (z), it suffices
to simplify the formula of each VR, (z).

Lemma 1. We have VR, (z) = (7., —1) , where H, = 22T p (1—2j+2%j0)-

Cr

L H,
1—zi+2iviv

Starting from r, write P, = (e, ea,. .., elp, ‘) in the order encountered when traversing down the
path P, to the leaf node v. Then, running

S¢—1

— T (1—2z, 4 2,7,), e exists,
sg < 1 and sy 1-— 2k, + Zk/yez Je jeVee)s i4

(1 —2zj, + 2j,Ve,) - Se—1, otherwise,
where jy = l., and k; := [_+ until it reaches the leaf node v, we have QZC"’ - 8|p,| = Hy. While
3 - .
traversing up the tree from leaf nodes, each V, f, (z) is computed using the following lemma.
— ZvELZ Hy
Lemma 2. Vifx(Z) = ZGGE(’}/C — 1) . m

e=1

As shown in Algorithm 1, lines 2-10 perform the traversing-down procedure, whereas the
traversing-up procedure is efficiently carried out in lines 11-15.> In line 14, it may occur that
1 -2, + 2,7 = 0 when 7. = 0 and 2;, = 1, which makes the division invalid. This issue can
be easily addressed by noting that at most one feature receives a non-zero update in g. The full
procedure of TreeGrad that accounts for this corner case is presented in Algorithm 11. Overall,
the total running time is O(L) while using O(L) space. Equipped with TreeGrad, we can solve
the relaxed problem (6) using gradient ascent, which is shown in Algorithm 2. Specifically, € is a
learning rate and Proj projects each z;_; onto [0, 1]V, i.e., z; < min(max(0, z;), 1). We comment
that ¢ = Vf,(0.5-1y) when T = 1, which is exactly the Banzhaf value. Since any symmetric
semi-value, which includes the Shapley value and the Banzhaf value, can be expressed as an expec-
tation of this gradient field (see Appendix A), we take the averaged gradient as the vector of feature
scores. Moreover, the gradient ascent used in Algorithm 2 can be replaced by the ADAM optimizer
(Kingma & Ba, 2015), resulting in Algorithm 10. In particular, both algorithms verify all the axioms
that uniquely characterize probabilistic values except for the linearity axiom.

Theorem 1. The vector of feature scores ¢ returned by TreeGrad-Ranker, either using Algorithm 2
or 10, can be expressed as G; = 3 gy Wi S5 %) (fx(S U 1) — fx(S)) where w;(S;x) > 0 and
> SCIN]\i w;(S;x) = 1. Moreover, it verifies the axioms of dummy, equal treatment and monotonic-

ity.
5 AN O(LD)-TIME TREEPROB FOR COMPUTING PROBABILISTIC VALUES

Generalize the scaling invariability equality. To compute probabilistic values, the only differ-
ence lies in how ) is defined. Therefore, to generalize Linear TreeShap for any probabilistic value
@“ (fx), it suffices to generalize the scaling invariability equality in Eq. (3). This is straightforward
by noticing that multiplying by (1 + y) simply introduces a null player.

Lemma 3 (Generalization of Eq. (3)). Suppose p(y) is a polynomial of degree N — 2, we have
(P(y) - (1 +9), i @rr19%) = (1), Thsg @eer +wiga) ).

Then, ¥ (p(y) - (1 +4)*) = ¢ (p(y)) in Eq. (3) is simply the result of recursively applying the

equality in Lemma 3 while substituting w, = W

scaling invariability equality can be simplified as

() - (L +9)", dhogiy 6 @) = PW)s @rgiry ) ®)

where gf (y) = S5 (Jy 5(1 = ) "*dpu(t)) v*.

. For semi-values, using Eq. (2), their

The original implementation of the traversing-up procedure, as in (Karczmarz et al., 2022, Algorithms
2-4), is unnecessarily complicated; they compute V f, (0.5 - 1), equivalently the Banzhaf value.
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Figure 2: The condition numbers of matrices involved in Linear TreeShap and TreeShap-K, and the
inaccuracy of computing the Shapley value.

Inherent numerical instability in Linear TreeShap and TreeShap-K. As detailed in Appendix B,
Linear TreeShap involves inverting a Vandermonde matrix based on the Chebyshev nodes of the
second kind. However, as proved by Tyrtyshnikov (1994, Theorem 4.1), the condition number of
Vandermonde matrices based on real-valued nodes grows exponentially w.r.t. D. Therefore, Linear
TreeShap potentially suffers from numerical instability when D is large. Though TreeShap-K is free
of Vandermonde matrices, it also faces such a numerical issue as it contains a step that essentially
solves an ill-conditioned linear equation; see Appendix D for details. Figure 2 shows that the con-
dition numbers of the involved matrices are already over 100,000 when D = 20. Furthermore, it
also concretely demonstrates how inaccurate Linear TreeShap would be. Refer to Appendix G for
further experimental details and results.

Well-conditioned Vandermonde matrices. According to Pan (2016), a Vandermonde matrix of

large size is ill-conditioned unless its nodes are more or less spaced equally on the unit circle. Pre-
i2(k—1)m

cisely, let { xx }1<r<n be a list of complex-valued nodes where xj, :== e . Then, the condition
number of the Vandermonde matrix V. € CP*P defined by letting V;; = Xffl is perfectly 1,
independent of D. Another nice properties are V1 = %V and VT = V. Therefore, we will
use this V for encoding and decoding polynomials in our TreeProb algorithm. We refer the reader
to Appendix C for how TreeProb is implemented. Concurrently, Jiang et al. (2025) also observe
this numerical issue and propose an identical solution when computing the Shapley value of R?
for individual features. However, this solution is not fully numerically stable; it instead introduces
numerical underflow when the number of nodes is large. As demonstrated in Appendix G, the nu-
merical error of TreeProb still blows up as the number of nodes increases.

Numerically accurate algorithms for computing weighted Banzhaf values and Beta Shapley
values with integral parameters. For the Shapley value, 1 is the uniform distribution (Dubey et al.,

1981, Theorem 1(a’)), i.e., p°P2P(fy) = fol V f,(t-1x)dt. Then, we have ¢ShaP(f, ) = ngﬂ Ke -

D

Vf(te - 1) using the Gauss-Legendre quadrature rule. Since x, > 0 and 227] ke = 1, the
Shapley value is just a weighted sum of finitely many gradients. Likewise, this argument extends to
Beta Shapley values with integral parameters, i.e., Beta(«, 8) with o, 8 € N\ {0}. This observation
immediately leads to our TreeGrad-Shap shown in Algorithms 6 and 7. Both algorithms run in
O(LD) time; the former consumes O(L) space, while the latter vectorizes its for loop and therefore
uses O(D? + L) space. Note that TreeGrad-Shap inherits its numerical stability from TreeGrad,
which computes weighted Banzhaf values.

Corollary 1. TreeGrad-Shap (Algorithm 7) computes Beta Shapley value with integral parameters
using O(LD) time and O(D? + L) space. Without vectorization (Algorithm 6), its space complexity
is O(L).

6 EMPIRICAL RESULTS

Metrics. The goal of our experiments is to compare TreeGrad-Ranker with the Beta Shapley values
using the insertion and deletion metrics (Petsiuk et al., 2018). We report the averaged insertion and



Published as a conference paper at ICLR 2026

=== TreeGrad-Ranker with GA === TreeGrad-Ranker with ADAM == Banzhaf === Beta-Insertion Beta-Deletion Beta-Joint m— Greedy

0.8

200 Zo7 2o
zos 5 5
Q0.7 80.6] o 0.8
[ [ [
Sog Sos go 7
Zos g 206
G Soas o
el el e}
go4 S Sos
03 5
0.3 o 0.4

0 50

of

0 20 30 20 10 20 30 0 10 20 30 40 50
#inserted features #inserted features #inserted features

e
3

Zos Zos 2

a a 5038

8 Sos E

00.6 o 206

= 504 =

0.4 9] @

S Sos3 Gog

8o K] ]

a 0.2 0.2

0 10 20 30 40 50 10 20 0 0 10 20 30 40 50
#deleted features #deleted features #deleted features
FOTP (D = 20) GPSP (D = 10) jannis (D = 40)

Figure 3: The trained models are decision trees. The first row shows the insertion curves, while
the second presents the deletion curves. A higher insertion curve or a lower deletion curve indicates
better performance. For our TreeGrad-Ranker, we set 7' = 100 and ¢ = 5. Beta-Insertion selects
the candidate Beta Shapley value that maximizes the Ins metric for each fy, whereas Beta-Deletion
minimizes the Del metric. Beta-Joint selects the candidate that maximizes the joint metric Ins— Del.
The output of each f(x) is set to be the probability of its predicted class.

deletion curves and note that the values of Ins and Del defined in Eq. (4) correspond to the areas
under the respective curves. Thus, in terms of increasing f(x), a higher insertion curve indicates
better ranking performance at the top, while a lower deletion curve reflects better ranking quality at
the bottom.

Datasets. Our experiments are conducted using nine datasets from OpenML. Datasets of classi-
fication include: (1) first-order-theorem-proving (FOTP), (2) GesturePhaseSegmentationProcessed
(GPSP), (3) jannis, (4) spambase, (5) philippine and (6) MinibooNE. Datasets of regression include:
(7) Buzzinsocialmedia_Twitter (BT), (8) superconduct and (9) wave_energy. We randomly sepa-
rate each dataset into a training dataset (80%) and a test dataset (20%). The training set is used to
train decision trees, and each x is selected from the test set. For BT and wave_energy, we scale its
predicted values for better presentation. A summary of the used datasets can be found in Table 1.

Baselines. Following Kwon & Zou (2022a;b), the selected baselines include Beta Shapley values
Beta(«, 8) with (o, 8) € {(16,1),(8,1),(4,1),(2,1),(1,1),(1,2),(1,4),(1,8),(1,16)}, and the
Banzhaf value. Recall that Beta(1, 1) corresponds to the Shapley value. To avoid noticeable numeri-
cal errors, they are computed using TreeGrad-Shap (Algorithm 6) and TreeGrad (Algorithm 1).> We
also compare with a greedy algorithm. Starting from Sy := (), the ¢-th top feature 7 (t) is selected as
arg max;en\s,_, fx(St—1 U 1) — fx([N]\ (St—1 U1)), and we update S = S;_1 Um(t).

All decision trees are trained using the scikit-learn library (Pedregosa et al., 2011). To account for
the variability of fx, we randomly select 200 instances of x to report the averaged results for each
trained decision tree f. We fix the random seed to 2025 to ensure reproducibility. More details and
results are deferred to the Appendix G.

For classification tasks, the output of each f(x) is chosen to be the probability of either (i) its
predicted class or (ii) a randomly sampled non-predicted class. All the results of decision trees are
presented in Figures 3 and 4, with additional results provided in Appendix G. Our observations are
as follows: (1) For Beta Shapley values, the one that achieves the best insertion metric often does not
achieve the best deletion metric, and vice versa; (2) Our TreeGrad-Ranker significantly outperforms
the selected baselines on the insertion metric while remaining competitive on the deletion metric.

3These two algorithms are combined into TreeStab in our GitHub repository.
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Figure 4: The trained models are decision trees. The first row shows the insertion curves, while
the second presents the deletion curves. A higher insertion curve or a lower deletion curve indicates
better performance. For our TreeGrad-Ranker, we set 7' = 100 and € = 5. Beta-Insertion selects
the candidate Beta Shapley value that maximizes the Ins metric for each fx, whereas Beta-Deletion
minimizes the Del metric. Beta-Joint selects the candidate that maximizes the joint metric Ins — Del.
The output of each f(x) is set to be the probability of a randomly sampled non-predicted class.

7 CONCLUSION

In this work, we revisit the evaluation of feature rankings through insertion and deletion metrics
and demonstrate their connection to the problem (5). From this perspective, we establish theoretical
limitations of probabilistic values, showing that they are no better than random in distinguishing
patterns and that their reliance on linearization may render them ineffective. To address these short-
comings, we propose directly solving the problem (5) using gradient ascent. We developed Tree-
Grad to compute these gradients for decision trees in O(L) time. We show that solving problem (5)
yields feature scores that satisfy all axioms uniquely characterizing probabilistic values, except lin-
earity. Furthermore, our TreeGrad-Shap is the only numerically stable algorithm for computing Beta
Shapley values with integral parameters. Our experiments show that TreeGrad-Ranker outperforms
probabilistic values on both insertion and deletion metrics.
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A SEMI-VALUES

One popular way to rank features is by using the Shapley value, as it uniquely satisfies the ax-
ioms of linearity, null, symmetry, and efficiency (Shapley, 1953). Based on the Shapley value, the
contribution of the i-th feature can be expressed as

o (p = 3 ST (s Ui - ()
SCIN\i '

where fx(S) = Ex,.[f(xg,Xs)] where xg is the restriction of x on S and S°¢ := [N] \ S. Fol-
lowing Lundberg et al. (2020, Algorithm 1), the computation of fx(.5) is described in Algorithm 8.

Recall that each probabilistic value can be expressed as

¢ (f) = D werr - [fx(SUD) = fu(S)] 9)
SC[N]\i
where w € RY is non-negative with Zivzl (]Z__ll)wk = 1. Besides, ¢“ is a semi-value if and only if

there exists a Borel probability measure . over the closed interval [0, 1] such that for every k € [N]

1
Wy = / th=11 — )N =kdpu(t). (10)
0

Therefore, ¢ ( fx) is used to denote semi-values. If i is some Dirac measure d,,, the resulting semi-
value is a weighted Banzhaf value parameterized by v € [0,1]. If u(A) < [, 277 (1 — 2)*71dz,
it leads to a Beta Shapley value parameterized by («, /3); in particular, the parameter (1, 1) leads to
the Shapley value.

Symmetric semi-values. A semi-value ¢* is said to be symmetric if wy = wy41-k for every

1 < k < N. In particular, the Shapley and Banzhaf values are symmetric. Combining Egs. (7), (9)
and (10), we have

“(f) = / ST (1= Y RS Ud) — fe($)] dult)

SC[N]\¢

- / VTt 1) dua(t)

In particular, if ¢# is symmetric, we can derive

1 p—
0 (f) = / V(1 1) - 1) du(t).

14
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Therefore, for symmetric semi-values, we have

1o
(1) = [ V3Tt 1) = Fulll =) 1n))dut)

In other words, symmetric semi-values can be derived from the gradient field of the objective in
Eq. (6). This motivates averaging the gradients produced by our TreeGrad-Ranker (Algorithms 2
and 10) to generate feature scores.

B POLYNOMIAL MANIPULATIONS IN LINEAR TREESHAP

In manipulating polynomials, the most expensive step is the multiplication of p(y) and (1 +
y)4—dee(P) the degree of each is at most D in the context. In general, polynomial multiplication re-
quires O(D log D) time to compute using fast Fourier transform (Cormen et al., 2022, Chapter 30),
which would lead to time complexity O(LD log D) in total for computing ¢S"P( f, ). Nevertheless,
since the polynomial (1 4+ y)4—dee(P) is simple, Yu et al. (2022) propose to encode all polynomials
of degree at most D — 1 into vectors of dimension D using a Vandermonde matrix V € RP*P je.,
each polynomial p(y) is encoded by its evaluation Vp at D different points, and then the multipli-
cation can be computed in O(D) time using the encoded vectors. Since the inverse of Vandermonde
matrices can be computed once in O(D?) time (Eisinberg & Fedele, 2006), it does not increase the
time complexity in total. Let p(y) and ¢(y) be two polynomials of degree at most D — 1, by Yu et al.
(2022, Lemma 2.5), the formula used to evaluate v is (p(y), q(y)) = (p, @) = (Vp, (V"1)Tq)..

Numerical Instability. Empirically, we observe that numerically error grows as the number of
nodes increases. To mitigate this numerical instability, the implementation of Linear TreeShap does
not follow the O(LD)-time procedure.* We illustrate this difference using Algorithm 3. Upon
reaching a leaf (line 46), Linear TreeShap computes p(y) < 2% - p(y). In line 48, it performs

paly) < traverse(a,, p(y)), po(y) < traverse(b,,p(y)), dmax < max(deg(p.(v)), deg(ps(y)))
p(Y) 4= Paly) - (L +y)tmex=4B8@WD 4 py(y) - (1 gy) dmex—desn)

As a result, when evaluating ¢ in line 52, the degree of G[v] is not fixed, and may vary from 1 to
D. Consequently, given D nodes, the algorithm has to compute V;l for every d € [D], where
V, € R%* denotes the Vandermonde matrix of the first d nodes. This effectively reduces the
number of nodes involved in each computation and thus partially alleviates the inherent numerical
instability. However, this strategy increases the time complexity from O(LD) to O(D? + LD).

C IMPLEMENTATION OF TREEPROB

Similar to Linear TreeShap, our TreeProb is composed of two procedures: (i) a traversing-down
procedure that for every leaf node v € L, accumulates all the polynomial components from the
root to v one by one and (ii) a traversing-up procedure that decodes the accumulated polynomials
and distributes the decoded results to all participating features. Starting from the root r, write P, =
(e1,€2,. .., €| pu|) in the order in which the edges are encountered as we traverse down the path P,
to the leaf node v. Then, TreeProb accumulates the polynomial components as follows:
peay) (g y), el exists,
o) 1 and puty) - gy O F e
pe—1(y) - (1 + ¢, -y), otherwise.

Once it reaches the leaf node v, there is 22 - pp |(y) = G (y). While traversing up, the formula
we use is

ZvEth Gy(y)-(1+ y)D—deg(GU)

]-+'76'y

(b;d(fX) = Z('Ye - 1)<

ecE

le=1i

s 4p-1(y))-

4https ://github.com/yupbank/linear_tree_shap/blob/main/linear_tree_
shap/fast_linear_tree_shap.py
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Algorithm 3 TreeProb

Input: Decision tree 7 = (V,E) with root r and depth D, instance x € RY, poly-
nomial ¢(y) of degree min(D,N) — 1 with non-negative coefficients that satisfies
min(D,N)—1 min(D,N)71>
k=0 . . k
Output: Probabilistic value ¢
Function traverse (v, p(y) = 1):
e+ (m, =)
if e exists then
p(y)
Lt et -y

Gr+1 =1

p(y) « (T+9e-y)

else

| p(y) < p(y) - (147 y)
if v is a leaf then

| py) « 22 p(y) - (1 + y)mn(DN)—deal®)
else
| p(y) « traverse (a,, p(y)) + traverse (by, p(y))
if e exists then
‘ G[heT] — G[heT] 7p(y)
G[v] < Glv] + p(y)
1. b1+ (e — 1) (72 q(y))
return p(y)

Initialize G[v] = 0 for every v € V
Initialize ¢ = Opn

traverse (a,)

traverse (b,)

return ¢
where
D-1 (N-D
w N-D .
ap-1(y) = Z Z ( j >wk+j+1 y", 1D
k=0 7=0

which is derived by recursively applying the equality in Lemma 3. At first glance, this formula may
appear complicated; however, it can be efficiently implemented using lines 47-51 of Algorithm 3.
For semi-values ¢*( fx), we write ¢/5_, (y) instead, which can be computed using Eq. (8).
Remark 1. Note that Eq. (11) is well-defined when N > D. However, if N < D, we can simply
set D < N. By contrast, Eq. (8) is always well-defined. Therefore, we recommend applying
D < min(D, N) before running Algorithm 3.

Remark 2. For probabilistic values, it is more convenient to specify q%_,(y) instead of deriving

it from w. In particular, there must be kD;Ol (Dk_l)qu = 1 where qy. is the k-th coefficient of

qB_1(y)-

The pseudo-code of our TreeProb is presented in Algorithm 3. One may think that the space com-
plexity O(LD). We remark that there are only O(D) polynomials that are needed on the spot and
thus the complexity is O(D? + L). Therefore, for computing probabilistic values, the time and space
complexities of TreeProb are O(LD) and O(D? + L), respectively.

D How TO EVOLVE LINEAR TREESHAP INTO TREESHAP-K

How to avoid the use of Vandermonde matrices? As discussed in Appendix B, the role of Vander-
monde matrices is to save the computation time of the scaling G, (y) - (1 + y)?~4°8(G+) performed
at every non-leaf node from O(Dlog D) to O(D). Our observation is that such a scaling can be
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performed just once for all G,(y). Starting from the root, write P, = (e, e2,...,¢ep,|) in the
order encountered when traversing down the path P, to the leaf node v. A modified procedure for
collecting the polynomial components is

pe—1(y)
T+ -y
4
pe-1(y)
14y

(147, -y), e exists,
po(y) < (L + y)D and pe(y) .
(14 e, - y), otherwise.

A similar technique is employed in Marichal & Mathonet (2011, Appendix E), and thus their pro-
posed algorithm is free of Vandermonde matrices. It is worth pointing out that the assignment of
po(y) is performed once and costs O(D?) time in a recursive way.

By traversing down in this way, we can store each polynomial p(y) = Zi:o pre1y” as its coeffi-
cient vector p € RP*1. For updating ¢(y) < p(y)-(1+~-y), we simply run g5, = p+7-pr_1 with
P—1 = Pdeg(p)+2 = 0. Note that this process costs O(D) time and can be reversed in O(D) time.
However, this reverse process is essentially solving a linear equation, and we observe empirically
that the corresponding condition number grows exponentially w.r.t. D if v > 1.

How TreeShap-K computes the Shapley value. What TreeShap-K stores, instead, is a vector
9Y € RP*! where 9? represents the i-th coefficient of G\, (y) - (1 + y)P~ 1l If D = |F,|,

Yy = & ngcl?]j ics Yi,v- Then, while traversing down, each 9* can be computed by

(001 ©7.1) ®Yer e} exists,

)1 and 0 +
i o ‘ {(04—1 61)&7,,,  otherwise.

Here, suppose & € RPT1, for ¢ < £ @ v, it is

Dlefk§Jr k—1
D+1

Ok Er—1, (12)

FTT D

whereas ¢ ©y denotes the reverse process. The conventionis {_; = {p41 = 0. Then, %20 p | =
Y. What TreeShap-K computes in the traversing-up procedure is

B (f) =D (e —1) sum( Y 9 S )
leeezFé UELLE
where sum simply adds up all the entries. All in all, TreeShap-K proposed by Karczmarz et al.
(2022, Appendix E) is summarized in Algorithm 4. We point out that the © operation essentially
involves solving a linear equation, whose condition number, as shown in Figure 2, grows expo-
nentially w.r.t. D (with  set to 1). Indeed, the substantial inaccuracy of TreeShap-K is already
confirmed by Karczmarz et al. (2022, Figure 1).

E ONE MORE O(LD)-TIME AND O(D? + L)-SPACE ALGORITHM FOR
COMPUTING THE SHAPLEY VALUE

For completeness, we also summarize the technical details of one more O(LD)-time and O(D? +
L)-space algorithm for computing the Shapley value, which was developed by Yu et al. (2022) as
their first version.” Therefore, we refer to this algorithm as Linear TreeShap V1. It is totally different
from Linear TreeShap, and is less numerically stable.® To our knowledge, its technical details are
missing, probably due to its numerical instability. Nevertheless, it is with a moment’s thought to

Shttps ://github.com/yupbank/linear_tree_shap/blob/main/linear_tree_
shap/linear tree_shap_ numba.py. The code therein cannot run, but it can be fixed by replacing the
first three t ree .max_depth with tree.max_depth + 1 inlines 145-146.

(’https ://github.com/yupbank/linear_tree_shap/blob/main/tests/
correctness.csv.
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Algorithm 4 TreeShap-K

Input: Decision tree 7 = (V, E') with root 7 and depth D, instance x € RV

Output: Shapley value ¢

Function t raverse (v, 0 = ﬁ1M+1) :

e+ (my, =)
if eT exists then

‘ 0 « (0@7&)@75
else

| 6 (001)®~.
if v is a leaf then

‘ 0 % -0
else

if eT exists then

‘ ﬁ[h(m] < ﬁ[heT] -0
o] + dv] + 6
b1, < o1,

| return 0
M + min(D, N)

+ (e — 1) - sum(Iv] © )

Initialize ¥[v] = Ops41 forevery v € V.

Initialize ¢ = On
traverse (a,)

traverse (b,)

return ¢

| 0« traverse (a, 0) + traverse (b,, 6)

decipher Linear TreeShap V1 from the code by observing that it uses 7, — 1 rather than v, when

traversing down the tree. It is based on the fact that

Shap fx / E

where E;(t) := Z t°(1 —

SCINNi

N (S V) —

fx(9)]:

Since E;(t) is a polynomial of degree at most N — 1, we can express F;(t) as

N-1
El(t) = Z ai,d . td.
d=0

Then,

Q;

Proof. Observe that

Ez(t> = Qv(’yi,v -

= Ov (’Yi,v -

from which the conclusion follows.

N-1
Shap _ Qj.d
Lemma 4. Replacing fx with Ry, where Ry (S) = 0o - ¢ [;c57j,0 for every S C [N], we have

d = QU(’YZ',U - ' CU Z H Vi —

1)-

1)

Cy

Cr

Cy

Cr

SC[N]\z =

>, -

SC[N

[I

JEIN

]

I\

\i

?

1+t

N 1— ‘;H,ij

7],1; -

JjeS

1))7
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Algorithm 5 Linear TreeShap V1

Input: Decision tree 7 = (V, E') with root 7 and depth D, instance x € RV
Output: Shapley value ¢
Function traverse (v, c =ej):
e+ (m, =)
if e exists then
| e (B —1))B(e—1)
else
| c+cH(r—-1)
if v is a leaf then
‘ C % -c
else
‘ c <+ traverse (a, €) + traverse (b, c)
if T exists then
‘ C[heT} — C[heT} —C
Clv] « Clv] + ¢

1. di.+ (ve —1) - 0L SLe (]Ze mb)l

return c

M <+ min(D, N)

Initialize C[v] = Opy41 forevery v € V
Initialize ¢ = On

traverse (a,)

traverse (b;)

return ¢

Accordingly, after Linear TreeShap V1 traverses down the path P, = (ey,e2,...,€|p,|), it stores
a vector ¢V € RPT! where 1} = Y scr. [[jes(vjo —1)if 1 < k < |F,| + 1 and 0 otherwise.

One nice property is that, after introducing a null player k (with 7, = 1), ¢V € RP*! remains
unchanged. All in all, while traversing down, each ¢* can be computed by

(ce-1B (1 = 1) B (%, — 1), e} exists,

co < e; and and cy .
co—1 B (v, — 1), otherwise.

where e; € RPT! denotes the vector whose first entry is equal to 1 and all other entries are equal to
0. Here, suppose d € RP*! forc «— d @ (y — 1), itis

e =(y—1) di—1+dg
whereas ¢ B v denotes the reverse process. The convention is d_; = 0. Then, ¢” = g, - 2*¢p,|.

Algorithm 5 demonstrates how Linear TreeShap V1 runs. In our inspection, we observe that the
condition number of H does not even exceed 100 when D = 100. However, its numerical error still
blows up, which we suspect is due to the repeated use of H.

F MISSING PROOFS

Proposition 2. Let 7 be a ranking induced by a probabilistic value ¢* ( fx) such that gi):(l) (fx) >

o) (fx) 2 o+ = %) (fx). Foreveryl <k <N, St = {n(1),7(2),...,7(k)} is an optimal
solution to the problem
1
P - * — o*(IN
faximize o (97(5) = g"(IN]\ 9))
where g* is the best linear surrogate for fx, i.e, g* = argmin ., ngN] Ns1(fx(S) — g(S))?

with £ = {g : g(S) = to+>_,cg ti}. The weights satisfy (i) n1,nn+1 > 0 and (i) 1, = ws +ws_1
for2 < s < N.
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Proof. As provided by Li & Yu (2024b, Theorem 2), there exists a scalar C' € R such that for every
i € [N]
9"({i}) —g"(0) = ¢7 (fx) + C- 1y

where 1y € RY is the all-one vector. Then, it is clear that S,j is optimal to the problem

argmax = (g"(S) — g"(V]\ 9)),
SC[N],|S|=k

by which the conclusion follows. O

Proposition 1. Suppose ¢(fx) € RY is linear in fx with N > 3, which includes all probabilistic
values. Then, there exist distinct sets S1 and Sy such that S; # [N] \ Sa and

Rel(h; 51, 52) = [1=h(e(U))] + U)) < L.

inf inf
U:Dy (S1)<Dy (S2) U:Dy (S1)>Dy (S2)

Proof. This result is immediate if we can find two distinct subsets S7 and S; satisfying S7 #
[N]\ Sz, and utility functions Uy and Uy, such that ¢* (Uy) = ¢*(Uy), Dy, (S1) < Dy, (S2), and
DU1 (Sl) > DU1 (52)

Observe that each U can be represented as a vector Xy € R2" whose entries correspond to all
subsets of [IV]. Since ¢ is a linear operator, its null space A" has dimension at least 2% — N. It
is sufficient to find a vector x € N, for which there exists two distinct subsets .S and 7" such that

S # [N]J\ T and [sign(zs — x(n\s) — sign(zr — 2 vp7)| = 2.

Let P = {{S,[N]\ S}: S C [N]} and then |P| = 2¥~1. For each {S,[N]\ S} € P, let
Choice({S, [N] \ S}) randomly choose one of the set it contains. Then, let Z = {Choice(S): S €

P} and we have |Z| = 2V~1. Define a linear operator L that maps each x to y € R2" ' by setting
ys = xs —x[n)\s forevery S € Z. Notice that the dimension of the null space of 1" is exactly N1
Denote the null space of L by null L and write dim for dimension. By the rank—nullity theorem,
there is

dim A = dim null L| ;s + dim L(N).
Therefore,
dim L(N) = dim N — dimnull L]y > 28 — N —2N-1 —oN=1 _ N

Given that N > 3, we have dim L(N') > 2. It indicates that we can find an x € \ such that at least
two entries of y := L(x), say S and 7', are nonzero. If sign(yg) = sign(yr), set T < [N]\T. O

Theorem 1. The vector of feature scores € returned by TreeGrad-Ranker, either using Algorithm 2
or 10, can be expressed as G; = 3 gy Wi S5 %) (fx(S U 1) = fx(S)) where wi(S;x) > 0 and
> SCIN)\i w;(S;x) = 1. Moreover, it verifies the axioms of dummy, equal treatment and monotonic-
ity.

Let U : 2IN] — R be a utility function and denote by G the set that contains all such utility functions.

The axioms of interest are listed in the below.

1. Linearity: ¢(c- U +U’) =c- ¢(U) + ¢(U’) for every U, U’ € G and c € R.

2. Equal Treatment: For some 7, j € [N],if U(SUi) = U(SUj) forevery S C [N]\{,j},
then d%(U) = d)J(U)

3. Symmetry: ¢(U o ) = ¢(U) o 7 for every permutation 7 of [N].

4. Dummy: For some i € [N], if there exists some C' € R such that U(SU4) = U(S) + C
for every S C [N] \ 4. Then, ¢;(U) = C.

5. Monotonicity: For some ¢ € [N], (i) if U(S Ui) > U(S) for every S C [N] \ ¢, then
@;(U) > 0; () if U(SU i) <U(S) forevery S C [N] \ i, then ¢;(U) < 0.

6. Efficiency: >,y ¢:(U) = U([N]) — U(0) for every U € G.
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Setting C' = 0 in the dummy axiom yields the null axiom. As aforementioned, the axioms of lin-
earity, dummy, monotonicity and symmetry uniquely characterize the family of probabilistic values.
By Li & Yu (2023, Appendix A), the symmetry axiom is equivalent to the axiom of equal treatment
in the context.

Proof. Combing Eqs. (7) and (14), each V f, (z) can be expressed as

Vifx(@) = Y wilS)(fx(SUi) = fx(5))
SCIN)\:

where w;(S) > 0 and 3"y, wi(S) = 1 for every i € [V]. Since € returned by Algorithm 2 is
an average of gradients, it is clear that for every i € [N,

G= Y wilSx)(f(SUi) = f(S))
SC[N]\i

where w;(93x) > 0 and } gy ; wi(9;%) = 1. The dependence of x comes from that different

instances of x would induce dlfferent trajectories along which the gradients are accumulated and
averaged. Suppose there exist a feature ¢« € [N] and a constant C' € R such that f,(S U i) =
Jx(S) + C forevery S C [N] \ 4. In this case,

Vifx(z)=C- Z w;(S) = C forevery z € [0,1]"
SC[N\i

On average, it is clear that (; = C. Therefore, ¢ satisfies the dummy axiom. Similarly, one can
verify that ¢ satisfies the monotonicity axiom.

Suppose there exist two features ¢ and j such that fx(SU) = fx(SUy) forevery S C [N]\ {4, 7}
Observe that ¢ are averaged over 1" gradients. At the ¢-th step, we denote the produced gradient by
g(z(tfl)). Note that we set z(0) = 0.5 -1 ~»> which corresponds to the Banzhaf value. Therefore,
we already have g;(z(?)) = g;(z(?)). The next step is to prove by induction that (i) g;(z(*~1)) =
gj(z(t_l)) and z(t D= z](vtfl) (ii) for every t. Suppose it is true at the ¢-th step, for the next step,
we have

Zz(t) — =D +gi(z(t71)) _ Z](t—l) i gj(z(tq)) _ Z](t)~

7

Let w(S;z) = [];c5 2, mi(S;2) = [[;g50:(1 — 2j) and A; fx(S) = fx (S Ui) — fx(S). For
simplicity, we only consider the gradients of f,(z). The other part f,(1x — z) can be trivially
included. Then,

)
Z w(S;2M)my(S;2) A f(S)

SCIN)\
= Z w(S;20Ym;(S;2M)A; fx (S) + Z w(S U j;20)mi(S U j;20) A f (S U §)
SCINI\{i.j} SCINI\{i.5}
= w(S;2M)m;(S;20)A; f(S) + Z w(SUi;20)Ym;(SUi;20)A; fo (S UY)
SCINI\{i.j} SCINI\{4,5}
= w(S;2M)m;(S;20)A; f ()
SCINI\j
=g;(z"")
Since g;(z(*=1) = g;(z~Y)) for every ¢, we have (; = ¢;. Consequently, ¢ satisfies the axiom of
equal treatment. For Algorithm 10, it can be proved similarly. O

Lemma 3 (Generalization of Eq. (3)). Suppose p(y) is a polynomial of degree N — 2, we have

(ply) - (L+y)s S wis1 ¥5) = (0(y), Snoe (Wit + whrz) yF).
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Proof.
N-1 N—-2 N—-2 N—-2
() (1 +y) D weeay™) = D prwrss + Y Prwi2 = D (W1 + Wir2)Pi
k=0 k=0 k=0 k=0
N—-2
= (p(y), Y (Wrs1 +wrra)y").
k=0

O

Corollary 1. TreeGrad-Shap (Algorithm 7) computes Beta Shapley value with integral parameters
using O(LD) time and O(D? + L) space. Without vectorization (Algorithm 6), its space complexity
is O(L).

Proof. By linearity and (Dubey et al., 1981, Theorem 1(a")),

1 1
() = /O VTt 1x)dt = /0 S VR 1yt

vEL,
Using Eq. (7),
ViRy(t-1y)= > (1=t RS Ui) — RY(S)],
SCIN\i
which corresponds to the weighted Banzhaf value parameterized by ¢ (Li & Yu, 2023). Suppose
j & F,, and notice that RY(S U j) = R%(.S) for every S C [N]. Then,
ViR (t-1y)= > t*(1—t)N2*[RL(S Ui) — RY(S9)].

SCINN\ .5}

By removing all features not in F;,, we have

ViR (t-1y) = Z t5(1 = )PP [RY (S U i) — RY(S)). (13)
SCF,\i

Since |F,| < D, the degree of the polynomial V,f, (t-1y) = > VR, (t-1y) is at most

D — 1. According to the Gauss-Legendre quadrature rule, we have
51

PP (fy) = ko V(e 1n).
=

According to Hale & Townsend (2013), {¢;}¢ and {x¢}¢ can be computed in O(D) time.

vEL,

[Sls]

Since each gradient f, (¢, - 1) can be computed in O(L) time using O(L) space, the space com-
plexity is reduced by reusing the same allocated space. This proves the validity of TreeGrad-Shap,
as shown in Algorithm 6. O

Proposition 3. Suppose the optimal set S* for the problem (5) is unique, then 1g+ whose i-th entry
is 1 if v € S* and O otherwise is the unique optimal solution to the relaxed problem (6).

Proof. For simplicity, we write U(S) = 3(fx(S) — fx(IN]\ S)), and thus U(z) = 3(f(z) —
fx(1y —2)). Let U* = argmaxgcy) U(S). For each z ¢ {0,1}", notice that U(z) is just a
weighted average of {U(S)}scn] because

> (Hz> [[a-=z)) =] -z+z)=1 (14)

SCIN] \ieS igs i=1

Therefore, U(z) < U*. For the sake of contradiction, suppose U(z) = U*, then there must exist
two distinct subsets Sy and S such that U(S1) = U(Sz) = U*, which contradicts the assumption
that S* is unique. Therefore, we have f, (z) < f*. O
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Algorithm 6 TreeGrad-Shap
Input: Decision tree 7 = (V, E) with root r and depth D, instance x € R, integral parameter
(o, B) that specifies some Beta Shaple value

Output: Shapley value ¢

Initialize ¢ = Oy

M < min(D,N)+a+ 8 -2

Generate [2] pair of weights and nodes {(r¢,t;)} according to the Gauss-Legendre quadrature
rule // on the closed interval [0,1]

fort=1,2, ..., [%1 do
| @« ¢+ ry- TreeGrad(T, x, t¢-1y) -ty (1 —t,)*~/B(a, ).

Algorithm 7 TreeGrad-Shap (Vectorized)

Input: Decision tree 7 = (V, E) with root r, instance x € RY, integral parameter (o, 3) that
specifies some Beta Shaple value
Output: Shapley value ¢
Function traverse (v, s =b):
e+ (my, =)
if e exists then
| ses-(1—t+7-t)/(I—t+7.-t) // element-wise
else
| s<s-(1—t+7.-t)
if v is a leaf then
‘ S % .S
else
‘ S < traverse (a,, S) + traverse (b,, S)
if T exists then
| Hlhet] = H[het] —s
H[v] < H[v] +s
b1, = 1.+ (e = 1) - (H[]/(1 =t + 7. - £), &)
return s

M Vs "min(D,N%+a+[372~|

Generate the weight vector k € R and the node vector t € RM according to the Gauss-Legendre
quadrature rule // on the closed interval [0,1]

Compute b € RM by b, + tf_l(l —t)* Y/ B(a, B)

Initialize H[v] = 0y foreveryv € V

Initialize ¢ = Opn

traverse (a,)

traverse (b,)

return ¢

Lemma 1. We have Vi Ry (2) = (i, — 1) 72—, where H, = 222 [, o (1= 25+ 27;0).

Proof. Similar to the derivation of Eq. (13), there is

vzﬁi(z) = gu (’Yi,v - 1) Z H 25,0 H (1 - Zj)

Cr SCF,\i \jeS jESUi
Notice that } g p (Hjes Zj’Yj,v) (ngsw(l - ZJ)) =[Ler (1 =2 + 2%0)- O
ZueLL Hy

Lemma 2. VZ?X(Z) = ZeeE(’ye — 1) . m

e=1
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Algorithm 8 Computation of fx

Input: Decision tree 7 = (V, E) with root r, instance x € R”, subset S C [N]
Output: Realization of Ex .. [f (x5, Xge)]
Function traverse (v):
if v is a leaf then
| return o,
if [, € S then
if z;, <7, then
| return traverse (ay,)
else
‘ return traverse (b,)
else
| return

Ca Cb

~+ traverse (by)
-V

L traverse (a,) +

Co

return traverse (r)

Algorithm 9 Efficient Evaluation of f, (z)

Input: Decision tree 7 = (V, E') with root r, instance x € R, point z € [0, 1]V
Output: The evaluation of f, (z)
Function traverse (v, s =1):
e+ (my, = v)
if e exists then
‘ 5

— s . (1-z + 2z
lleeT +zleT Vet ( le le’ye)

else
| s s-(1— 21, + 21.7)
if v is a leaf then
| s 2
else
‘ s < traverse (ay, 8) + traverse (b,, s)
return s

return traverse (a,) + traverse (b,)

Proof. Let 1 be fixed, one can verify that {LL Yec k.1, =i forms a partition of L,.. Therefore,

_ H, H,
Vifx(z) = Z (Vi — 1) [ — Z Z (Yiw — 1)

1z
vEL, e€l yerf i 2

le=1

By the definition of L,TLG, we have v, , = 7., and thus the conclusion follows. O

G EXPERIMENTS

The full procedure of TreeGrad is presented in Algorithm 11. The information of the datasets we
employ is summarized in Table 1.

More experimental results.Using decision trees, additional experimental results are presented in
Figures 6 and 7 for classification tasks, whereas results for regression tasks are shown in Figure 8.
Our TreeGrad-Ranker also works for gradient boosted trees (Friedman, 2001). We train gradient
boosted trees on the same datasets using GradientBoostingClassifier and GradientBoostingRegres-
sor from the scikit-learn library. The corresponding results are presented in Figures 9-13. For
classification tasks, the output of each gradient boosted trees model is set to be the logit of the
selected class.

More experimental settings. For all trained decision trees, the only hyperparameter we control
is the tree depth D. The random seed of training is set to 2025 to ensure reproducibility, while all
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Algorithm 10 TreeGrad-Ranker with ADAM

Input: Decision tree 7 = (V, E) with root r, instance x € R, learning rate ¢ > 0, iteration 7.
Default hyperparameters of ADAM are: 31 = 0.9, 5 = 0.999 and ¢ = 1078

Output: Vector of feature scores ¢

141 Initializez = 0.5-1y,¢ =0y, myg =0y and vog = O

2 fort =1,2,...,T do

s | g« 3(TreeGrad(T, x, z) + TreeGrad(T, x, 1y — z))

144 ¢+ % ¢+ % g

s | my < Bromy+(1-51)-g

wo | Vi fa-via 4 (1- ) g

147 my; < my/(1— B

148 Vi v /(1= BE)

149 Z<4 z+e-my/\/Vy+¢€

150 |z < Proj(z) // %z < min(max(0, z;),1)

151 return ¢

Table 1: Summary of the datasets used in this work.

Dataset #Instances  #Features Link Task #Classes
FOTP (Bridge et al., 2014) 6,118 51 https://openml.org/d/1475 classification 6
GPSP (Madeo et al., 2013) 9,873 32 https://openml.org/d/4538 classification 5
jannis 83,733 54 https://openml.org/d/41168 classification 4
MinibooNE (Roe et al., 2005) 130,064 50 https://openml.org/d/41150 classification 2
philippine 5,832 308 https://openml.org/d/41145 classification 2
spambase 4,601 57 https://openml.org/d/44 classification 2
BT (Kawala et al., 2013) 583, 250 77 https://openml.org/d/4549 regression -
superconduct 21,263 81 https://openml.org/d/43174 regression -
wave_energy 72,000 48 https://openml.org/d/44975 regression -

other hyperparameters are left at their scikit-learn defaults. The tree depth used for each dataset is
as reported in the corresponding figure. For gradient boosted trees, we set the number of individual
decision trees to 5 for all datasets. Table 2 summarizes both the sizes of the trained models and their
performance on the test datasets.

Experimental details for producing Figure 2. For plotting the condition number of TreeShap-
K, we set v = 1, which appears in Eq. (12). For reporting the inaccuracy when computing the
Shapley value, the used decision tree f is trained on the dataset Click_prediction_small with 11
features.” With N = 11, it is tractable to compute the ground truths using Eq. (1). While varying
the depth D, we report the average error ||¢p — ¢|| over 5 different instances of x. The algorithm
for running Linear TreeShap is from the public repository provided by Yu et al. (2022).® For a fair
comparison, the inaccuracy of Linear TreeShap (well-conditioned) is obtained by simply replacing
the Vandermonde matrix used in Linear TreeShap with the well-conditioned one.

Further inaccuracy analysis. In Algorithm 3, the number of nodes is determined by M <
min(D, N). If we include TreeProb in Figure 2, M would be fixed as 11, since N = 11. Con-
sequently, this setting would not reveal when TreeProb becomes numerically unstable. For com-
pleteness, we therefore also include TreeProb and TreeGrad-Shap by setting M < D. In addition,
we also compare against the path-dependent TreeShap (Lundberg et al., 2020) implemented in the
SHAP package.” The corresponding results are shown in Figure 2. Specially, TreeProb (modified)
refers to the variant that adopts the same numerical stabilization trick as Linear TreeShap, as de-
scribed in Appendix B. Clearly, our TreeGrad-Shap is the most numerically stable algorithm, which
further implies that TreeGrad itself is numerically stable. The numerical error of TreeProb is already
108 when M = 35, and increases to 10 when M = 65.

"https://openml.org/d/12109.

8https ://github.com/yupbank/linear_tree_shap/blob/main/linear_tree_
shap/fast_linear_tree_shap.py.

*https://github.com/shap/shap.
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Table 2: The sizes of the trained tree models and their performance on the test datasets. We report
test accuracy for classification tasks and the coefficient of determination R? for regression tasks.

Dataset Decision Tree Gradient Boosted Trees

R%/Acc Depth #Leaves #Nodes R2/Acc Depth #Leaves #Nodes
FOTP 0.537 20 1,275 2,549  0.568 20 43,103 86,176
GPSP 0.498 10 481 91 0.572 10 11,195 22,365
jannis 0.588 40 11,050 22,099 0.613 40 365,809 731,598
MinibooNE 0.899 20 4,108 8215 0.894 20 25,924 51,843
philippine 0.709 15 372 743 0.724 15 2,572 5,139
spambase 0.925 15 166 331 0922 15 9717 1,949
BT 0.901 50 408,461 816,921  0.609 50 2,042,440 4,084,875
superconduct  0.863 10 697 1,393 0.578 10 3,594 7,183
wave_energy  0.525 30 56,814 113,627  0.465 30 284,265 568,525
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Figure 5: (a) The runtime of Linear TreeShap and our TreeGrad-Shap (Algorithm 7) for computing
the Shapley value, and of our TreeGrad (Algorithm 1) for computing the Banzhaf value. (b) The
numerical errors of different algorithms.

Runtime analysis. We conduct experiments to compare the runtime of Linear TreeShap and our
TreeGrad-Shap (Algorithm 7) for computing the Shapley value, and of our TreeGrad (Algorithm 1)
for computing the Banzhaf value. Decision trees trained on the BT dataset are employed, as their
sizes are the largest according to Table 2. The result is presented in Figure 5. Each curve is averaged
over 200 instances, with shaded areas representing the corresponding standard deviation. In theory,
the time complexities of Linear TreeShap and our TreeGrad-Shap are equally efficient. However, as
shown in Figure 2, the numerical error of Linear TreeShap can be up to 10'® times larger than that
of our TreeGrad-Shap. In contrast, the time complexity of our TreeGrad is O(L).

How to select 7' and ¢ in TreeGrad-Ranker. The learning rate € is crucial for the conver-
gence of maximizing the objective in Eq. (6). In particular, each f,(z) can be efficiently eval-
vated using Algorithm 9, which is derived from our TreeGrad (Algorithm 1) by removing the
traversing-up procedure. Therefore, the choice of € can be guided by observing the changes in
s P

5(fx(z) — fx(1n — z)) during gradient ascent. Specifically, we select the largest € in the candi-

date set {...,0.1,0.5,1,5,10, - - - } the provides consistent convergence in % (f(z) — f,(1nx —2)),
which gives e = 5. Next, using decision trees, we present the performance across different combi-
nations of 7" and e. The results obtained with gradient ascent are shown in Figures 14—18, whereas
those for ADAM are presented in Figures 19-23. Our observations are: (i) the resulting performance
improves and converges as 1" increases; (ii) TreeGrad-Ranker with ADAM converges earlier than
gradient ascent, as performance with ADAM reaches near convergence across all the used datasets

at T' = 10; (iii) lower e does not improve performance.
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Algorithm 11 TreeGrad (Full Procedure)

Input: Decision tree 7 = (V, E) with root r, instance x € R™, point z € [0, 1]V
Output: Gradient g
152 Function traverse (v, s =1):

153 e < (my =)
154 if1 — 2, + 2,7, = 0 then
155 if eT exists then
S
156 ‘ S < 71_21& +Z’J v
157 if v is a leaf then
158 ‘ S < Q’éﬁf“ - S
159 else
160 \ § ¢— traverse—zero (G, S, lo) + traverse—zero (by, s, l¢)
161 gie < g1, — S
162 return O
163 else
164 if eT exists then
165 ‘ 5+ 2 (1 =z, + 21.7)

1—
ZleT +ZleT Vet

166 else

167 | s+ s-(1—z, +21.7)

168 if v is a leaf then

169 ‘ 5+ Qg—f” -

170 else

171 ‘ s < traverse (a,, S) + traverse (b, s)
12 if eT exists then

173 | Hlhet] <= H[het] — s

174 Hv] «+ H[v] + s

175 g, <— g1, + (e —1)- %
176 return s

177 Function traverse-zero (v, s, 1) :
178 € <— (mv — ’U)
179 if [, # [ then

180 if1 — 2, + 21,7 = 0 then

181 ‘ return O

182 if e exists then

183 ‘ S W (I =z, + 21.7)
184 else ‘ ‘

185 ‘ s<s-(1—zi,+z1.7%)

186 if v is a leaf then

187 ‘ S < g’é—f” )

188 else

189 ‘ $ < traverse-zero (ay S, ) + traverse—zero (b,, s, 1)
1 | returns

191 Initialize H[v] = 0 for every v € V
192 Initialize g = On

193 traverse (a,)

194 traverse (b,)

195 return g
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Figure 6: The trained models are decision trees. The first row shows the insertion curves, while
the second presents the deletion curves. A higher insertion curve or a lower deletion curve indicates
better performance. For our TreeGrad-Ranker, we set 7' = 100 and € = 5. Beta-Insertion selects
the candidate Beta Shapley value that maximizes the Ins metric for each fx, whereas Beta-Deletion
minimizes the Del metric. Beta-Joint selects the candidate that maximizes the joint metric Ins — Del.
The output of each f(x) is set to be the probability of its predicted class.
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Figure 7: The trained models are decision trees. The first row shows the insertion curves, while
the second presents the deletion curves. A higher insertion curve or a lower deletion curve indicates
better performance. For our TreeGrad-Ranker, we set 7' = 100 and ¢ = 5. Beta-Insertion selects
the candidate Beta Shapley value that maximizes the Ins metric for each fy, whereas Beta-Deletion
minimizes the Del metric. Beta-Joint selects the candidate that maximizes the joint metric Ins — Del.
The output of each f(x) is set to be the probability of a randomly sampled non-predicted class.
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Figure 8: The trained models are decision trees. The first row shows the insertion curves, while
the second presents the deletion curves. A higher insertion curve or a lower deletion curve indicates
better performance. For our TreeGrad-Ranker, we set 7' = 100 and ¢ = 5. Beta-Insertion selects
the candidate Beta Shapley value that maximizes the Ins metric for each fy, whereas Beta-Deletion
minimizes the Del metric. Beta-Joint selects the candidate that maximizes the joint metric Ins — Del.
The datasets used are regression tasks.
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Figure 9: All trained models are gradient boosted trees consisting of 5 individual decision trees.
The first row shows the insertion curves, while the second presents the deletion curves. A higher
insertion curve or a lower deletion curve indicates better performance. For our TreeGrad-Ranker,
we set 7' = 100 and ¢ = 5. Beta-Insertion selects the candidate Beta Shapley value that maximizes
the Ins metric for each f, whereas Beta-Deletion minimizes the Del metric. Beta-Joint selects the
candidate that maximizes the joint metric Ins — Del. The output of each f(x) is set to be the logit

of its predicted class.
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Figure 10: All trained models are gradient boosted trees consisting of 5 individual decision trees.
The first row shows the insertion curves, while the second presents the deletion curves. A higher
insertion curve or a lower deletion curve indicates better performance. For our TreeGrad-Ranker,
we set T' = 100 and € = 5. Beta-Insertion selects the candidate Beta Shapley value that maximizes
the Ins metric for each fy, whereas Beta-Deletion minimizes the Del metric. Beta-Joint selects the
candidate that maximizes the joint metric Ins — Del. The output of each f(x) is set to be the logit
of a randomly sampled non-predicted class.
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Figure 11: All trained models are gradient boosted trees consisting of 5 individual decision trees.
The first row shows the insertion curves, while the second presents the deletion curves. A higher
insertion curve or a lower deletion curve indicates better performance. For our TreeGrad-Ranker,
we set 7' = 100 and ¢ = 5. Beta-Insertion selects the candidate Beta Shapley value that maximizes
the Ins metric for each f,, whereas Beta-Deletion minimizes the Del metric. Beta-Joint selects the
candidate that maximizes the joint metric Ins — Del. The output of each f(x) is set to be the logit
of its predicted class.
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Figure 12: All trained models are gradient boosted trees consisting of 5 individual decision trees.
The first row shows the insertion curves, while the second presents the deletion curves. A higher
insertion curve or a lower deletion curve indicates better performance. For our TreeGrad-Ranker,
we set ' = 100 and € = 5. Beta-Insertion selects the candidate Beta Shapley value that maximizes
the Ins metric for each f, whereas Beta-Deletion minimizes the Del metric. Beta-Joint selects the
candidate that maximizes the joint metric Ins — Del. The output of each f(x) is set to be the logit
of a randomly sampled non-predicted class.
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Figure 13: All trained models are gradient boosted trees consisting of 5 individual decision trees.
The first row shows the insertion curves, while the second presents the deletion curves. A higher
insertion curve or a lower deletion curve indicates better performance. For our TreeGrad-Ranker,
we set ' = 100 and € = 5. Beta-Insertion selects the candidate Beta Shapley value that maximizes
the Ins metric for each f, whereas Beta-Deletion minimizes the Del metric. Beta-Joint selects the
candidate that maximizes the joint metric Ins — Del. The datasets used are regression tasks.
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Figure 14: Results of TreeGrad-Ranker with GA. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
the probability of its predicted class.
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Figure 15: Results of TreeGrad-Ranker with GA. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
the probability of a randomly sampled non-predicted class.
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Figure 16: Results of TreeGrad-Ranker with GA. All trained models are decision trees. The first
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Figure 17: Results of TreeGrad-Ranker with GA. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
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Figure 18: Results of TreeGrad-Ranker with GA. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The datasets used are regression tasks.
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Figure 19: Results of TreeGrad-Ranker with ADAM. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
the probability of its predicted class.

34



Published as a conference paper at ICLR 2026

s ADAM [T=10,£=1] === ADAM[T=10,£=5] === ADAM [T=50,6=5] === ADAM [T=100,¢=5] ADAM [T =100, =1]
0.6| 0.40)
> \ >0.5)
Zos 2035 £
Q 2 Lo.4
© @
Boa £030 3
o / | [ I
S5/ | 50.25 503
3/ 3 3
/ | @ 0.20) 0.2
Goz2l / \“ o} ©
St | T 0.15 3
2o.1 | g Loy
e | S0.10 a
0.0 ! 0.0
0 0 20 30 20 50 0 10 20 30 40 50
#inserted features #inserted features
0.14
0.18 )
o2 z 2o
= =0.16 = |
80.10 %014 Fo1zy |
Qo Q0.
908 o 80.100 /
g0 80.12 s /
° ° 50.075 /
@ 0.06] @0.10) I
] & 50.050) /
50.04 T0.08 ] | /
o A~ g 90,025 /fﬁ‘w—"/
S0.02| S 80,06 5
0.000
10 20 30 20 50 10 20 30 10 20 30 40 50
#deleted features #deleted features #deleted features
FOTP (D = 20) GPSP (D = 10) jannis (D = 40)

Figure 20: Results of TreeGrad-Ranker with ADAM. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
the probability of a randomly sampled non-predicted class.
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Figure 21: Results of TreeGrad-Ranker with ADAM. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
the probability of its predicted class.
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Figure 22: Results of TreeGrad-Ranker with ADAM. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The output of each f(x) is set to be
the probability of a randomly sampled non-predicted class.
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Figure 23: Results of TreeGrad-Ranker with ADAM. All trained models are decision trees. The first
row shows the insertion curves, while the second presents the deletion curves. A higher insertion
curve or a lower deletion curve indicates better performance. The datasets used are regression tasks.
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