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Abstract: The growing field of explainable Al (XAI) develops methods that help better understand ML
model predictions. While SHapley Additive exPlanations (SHAP) is a widely-used, model-agnostic
method for explaining predictions, its use comes with a substantial computational burden, particularly
for complex models and large datasets with many features. The key—and so far unaddressed—
challenge lies in efficiently scaling these computations without compromising accuracy. In this paper,
we present a scalable, model-agnostic SHAP sampling framework on top of Apache SystemDS. We
leverage Antithetic Permutation Sampling for its efficiency and optimization potential, and we devise
a carefully vectorized and parallelized implementation for local and distributed operations. Compared
with the state-of-the-art Python SHAP package, our solutions yield similar accuracy but achieve
substantial speedups of up to 14x for multi-threaded singlenode operations as well as up to 35x for
distributed Spark operations (on a small 8 node cluster).
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1 Introduction

Machine learning (ML) revolutionizes numerous aspects of everyday life, and drives
advancements in diverse fields such as healthcare, finance, transportation, and personalized
recommendations. ML models now underpin critical systems that diagnose diseases, detect
fraud, navigate vehicles, and curate content on social media [OGS20; Ra22; Rul9]. This
transformation has been fueled by the ability of ML models to achieve high prediction
quality, often surpassing human capabilities in specific tasks. However, the widespread
adoption of ML requires dealing with the “black-box” nature of complex, high-capacity
models. While these models make accurate predictions, they often provide little to no insight
into how they arrive at their decisions. This lack of transparency raises concerns about trust,
accountability, and fairness, especially for high-risk applications [Es21; Re20].

Explainable AI: In recent years, explainability and interpretability in AI [DK17] gained
importance. One of the most promising approaches is SHAP (SHapley Additive exPla-
nations) [LL17]. SHAP is based on the Shapley values [Sh53], from cooperative game
theory, to attribute model outputs to input features in a fair and consistent manner. By
providing a clear and theoretically grounded method for feature attribution, SHAP values
enable a deeper understanding of model behavior, both for individual predictions (local
interpretability) and across the entire dataset (global interpretability) [Mo23].
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Scaling Challenges: SHAP relies on generating synthetic instances, each representing a
distinct coalition (i.e., combination) of features, for which the model must be evaluated.
The number of these coalitions scales exponentially with O(2¥) in the number of features
k [DP94]. Accordingly, obtaining exact Shapley values is infeasible. In practice, this
issue is mitigated by estimating the values on a sample of the space of possible coali-
tions [SK10]. Various methods exist for accelerating this computation, mostly focusing
on the strategic sampling of feature coalitions with high impact [CGT09; Lo19; Mi22].
Some approaches are model-specific and leverage the knowledge of the model’s internals to
improve efficiency [Lu20]. However, broadly-applicable, model-agnostic methods remain
computationally intensive and struggle to handle many features [Mo23].

Contributions: In this paper, we devise a scalable implementation of Antithetic Permutation
Sampling—a well-known model-agnostic SHAP value computation approach—on top of
Apache SystemDS [Bo20]. In detail, we make the following technical contributions:

. Background of SHAP Computation: Section 2 points out the practical challenges
of SHAP value computation and introduces three levels on which these challenges
can be overcome: general method choice, algorithm design, and parallelization.

. Optimization of Antithetic Permutation Sampling: We then analyze the optimiza-
tion potential of Antithetic Permutation Sampling, and propose optimizations on all
three levels in Sections 3.1-3.3. Our implementation on top of SystemDS [Bo020]
generates hybrid runtime plans of local, in-memory and distributed Spark operations.

. Experiments: Finally, in Section 4, we report on extensive experiments, studying the
efficiency and scalability of our sampling framework compared with the state-of-the-
art SHAP library on a variety of models and datasets. Our optimizations substantially
improve end-to-end runtime while not sacrificing accuracy.

2 Background of SHAP Value Computation

There are two general issues in SHAP value computation: the exponential complexity of the
Shapley Value, and feature removal when calling a model. From an algorithmic perspective,
straightforward methods such as estimation [Cal7; CGT09] and marginalization [SK10] can
yield reasonable estimates for Shapley values. However, as a basis for devising an effective
and scalable computation strategy, we first summarize the practical challenges involved and
levels at which these challenges can be addressed.

Challenges: Model-agnostic methods differ substantially regarding the complexity of
individual steps in the SIPA framework [Sc20]: sampling, intervention, prediction, and ag-
gregation. Advanced techniques like stratified or antithetic sampling increase the complexity
of the sampling [Mi22], while intervention involves modifying data to simulate feature
presence. The prediction, especially in resource-intensive models like deep neural networks,
is often the most demanding due to repeated model evaluations on modified data. Finally,



aggregation can become expensive, for instance, when using methods like weighted least
squares optimization in KerneISHAP [LL17]. Accordingly, we aim to spend computational
efforts strategically, accepting slightly higher complexity in one step if it allows for better
vectorization and parallelization. Understanding the trade-offs in the SIPA framework helps
identifying optimization opportunities. Typically, sampling and intervention are of similar
complexity, but the prediction can be particularly taxing if many predictions are needed.
Alternatively, a more complex aggregation can yield accurate estimates with fewer samples.
A scalable SHAP value computation should aim for an efficient preparation, aggregation,
and optimization of the prediction process, minimizing redundancy.

Levels of Optimizations: The space for addressing challenges of SHAP value computation
is vast, as shown by the extensive literature [Cal7; Ch23; LL17; Mi22; Mo23]. While
many existing works focus on solving specific issues of SHAP value computation, we
propose a holistic approach that combines multiple strategies. We enhance the efficiency
and scalability of SHAP value computation by selecting effective techniques for each SIPA
step and carefully optimizing their implementation. The three levels of optimizations are:

. General Method: The choice of the general type of method used to compute SHAP
values forms the foundation for all other optimizations. We aim to select a method
that balances accuracy with the potential for speed and efficiency improvements.

. Optimized Preparation and Aggregation: After selecting the general method, we
need to optimize preparation and aggregation, including sampling and intervention. We
aim to reduce computational overhead and improve the processing speed through reuse
of intermediate results and vectorized operations, enabling effective parallelization.

. Parallelization: Parallelization is essential and should complement optimized execu-
tion. Splitting computations into smaller, concurrent tasks enables multi-threading or
distributed computation. The granularity of parallelization—deciding task size and
number—is key to performance. For example, parallelizing model evaluations for
different feature coalitions can significantly reduce SHAP computation time. Effective
parallelization requires balancing tasks and minimizing communication.

Data-centric Optimizations: As an orthogonal optimization opportunity, we can leverage
data characteristics to reduce computational demands. For example, feature partitioning is a
well-established approach that groups correlated features and computes the sum of their
SHAP values with fewer model calls. This method is particularly useful when features are
strongly correlated or when we aim to identify feature subsets for explaining predictions.
Feature partitioning effectively treats each partition as a single feature during all phases of
sampling, intervention, model probing, and aggregation. While our implementation and the
SHAP Python package support partitioning, and experiments confirm its effectiveness, in
this paper, we focus on holistic optimizations for the general, model-agnostic case.

Additional Related Work: Besides the background, our vectorized and parallelized
SHAP value computation is also related to vectorized enumeration-based algorithms, and



parallelized pipeline evaluation. First, there are multiple works that effectively vectorize
complex computations with linear algebra operations. Examples include vectorized training
and scoring of decision trees and random forests [B1J23; Na20], finding the top-k worst
slices (conjunctions of attributes) where an ML model underperforms [SB21], and query
processing on ML systems [He22]. Second, similar parallelization strategies have been
applied for data cleaning pipelines [SKB23] and AutoML [Sh19]. In contrast, we jointly
optimize the algorithm, vectorization, and parallelization of SHAP value computation.

3 Analysis and Optimization Approaches

In this section, we discuss the background and optimization of Antithetic Permutation
Sampling, which includes dedicated vectorization and parallelization strategies. We begin
by describing design principles and algorithmic details of Antithetic Permutation Sampling
in Section 3.1. In Section 3.2, we detail the vectorized implementation, focusing on
transforming iterative components into vectorized operations and reusing intermediates to
reduce computation per instance. Finally, Section 3.3 discusses parallelization strategies,
including fine- and coarse-grained approaches and distributed computation.

3.1 Analysis of Antithetic Permutation Sampling

While there are many more complex methods for SHAP value computation, we use Antithetic
Permutation Sampling (APS) combined with omitting features through replacement with
features from a background dataset [SK14]. This sampling method is a powerful technique
used in the computation of SHAP values with the major benefits of variance reduction,
feature omission, reuse of predictions, and simplicity of design [Mi22; SP23]. APS builds
on the ApproShapley algorithm [CGTO09] and its application to ML models [SK10] in order
to improve the efficiency and accuracy of Monte Carlo estimations for Shapley values. Key
features are an efficient sampling process and the reuse of predictions for SHAP values of
multiple features. ASP is also the default method for fully model-agnostic SHAP value
computation in the SHAP Python package [Lu].

Algorithmic Benefits: One of the primary advantages of permutation sampling is its ability
to reduce variance. By generating pairs of negatively correlated permutations—specifically,
a forward permutation and its reverse—the method leverages the principle of negative
covariance. These pairs cancel out random fluctuations, resulting in more stable and reliable
estimates. This reduction in variance enhances the convergence rate compared to the naive
Monte Carlo estimator (providing more accurate SHAP values with fewer samples) [SP23].
Another major benefit of APS is the effective handling of feature omissions. When features
are omitted, the model must simulate their absence in the context of SHAP values, estimating
the prediction by marginalizing over a subset of possible values. APS ensures that when a
feature is omitted in one permutation, its corresponding value in the reverse permutation



Algorithm 1 Structure of Antithetic Permutation Sampling

Require: J, B > A set of Instances J and a background dataset of instances B
Ensure: ¢;VjeJ > SHAP values for all instances in J
: T « n-m random instances from background dataset B

P «— m random permutations

M < PREPAREINTERMEDIATEMASK(P)

S < PREPAREINTERMEDIATEBACKGROUNDSAMPLES(T, M)

: forVj e J do

X < APPLYINTERMEDIATES(j, M, S) > X is a set of prepared instances
P < prREDICT(X)

¢j < AGGREGATEPREDITIONS(P)

: end for

R A o

captures the necessary marginal effects. Furthermore, APS allows for efficient reuse of
predictions as well. Since permutations add one feature after another, the prediction for
the coalition for the prior feature can be reused as the base term when computing the
contribution of the following feature. This reuse minimizes the number of model evaluations
required, as the same prediction results can be leveraged in multiple contexts. Finally,
APS is also a strikingly simple algorithm. The sampling process involves generating pairs
of permutations, preparing instances, computing model predictions, and averaging the
results. This straightforward approach facilities the integration into existing systems and aids
debugging and optimization. At the same time, its theoretical foundation is well-understood,
enabling clear explanations and justifications for its use across various applications.

Foundations: The base algorithm combines ApproShapley [CGTO09] for general Shapley
values, and Monte Carlo sampling to marginalize over the omitted features of ML models
[CGT09; SK10; SK14]. We primarily adhere to the original algorithm [SK14] but focus
on replacing iterative loops with vectorized linear algebra operations wherever possible.
For the sake of scalability to many instances, our approach prepares sets of synthesized
instances collectively, which is feasible because the preparation tasks are the same for all
instances. Since SHAP values for each instance are typically computed independently, this
unified approach streamlines the process. In order to facilitate this one-time preparation,
we divide the preparation process into two parts. First, two intermediates are computed
(which are consistent across all instances) for sampling and intervention. Second, these
precomputed intermediates are applied to all instances.

Algorithm Design: Algorithm 1 shows the general structure of our APS implementation.
We take a set of instances of interest J and a background dataset B as input, and compute
SHAP values ¢; for all features of each instance j € J. First, we sample n - m random
instances from the background dataset, and obtain n instances for every one of the m
sampled random permutations. Subsequently, in Line 3, we prepare a boolean mask for
the permutations, representing the coalitions created by adding the features from each
permutation and its antithetic counterpart. The procedure in Line 4 prepares the background
samples for marginalization over each coalition’s omitted features using the boolean mask



M. With this large intermediate prepared, we iterate over all instances of interest. The
preparation then comprises applying the intermediates to each instance in Line 6, which
creates the synthesized instances. These instances are used to probe the model in Line 7.
Finally, the predictions are aggregated in Line 8, marginalizing the omitted features and
computing the feature contributions. This method trades computational complexity for
space complexity to facilitate one-time preparation. Our results indicate that reducing the
sampling step and most of the intervention steps to a one-time cost amortizes quickly and
the space overhead is moderate. As an alternative, one could compute the SHAP values
only for one permutation or batches of background samples at a time. The straightforward
aggregation step from permutation sampling remains unchanged, leaving us with three
challenges: splitting up the preparation, computing the intermediates quickly, and managing
the larger number of required predictions compared to methods like KernelSHAP [LL17].

3.2 Vectorized Implementation

For optimizing preparation and aggregation, the iterative components of sampling, inter-
vention, and aggregation can be vectorized. Additionally, we separate the preparation into
instance-independent and -dependent parts using two matrix operators for permutations
and background data. These intermediates can then be applied to all instances at once. We
will use matrices from now on because we aim to rewrite the iterative parts as vectorized,
linear algebra operations. Feature values are the columns, and instances are rows in such
matrices. In this section, we will explain the steps for computing SHAP values using our
APS method, as outlined in Algorithm 1. First, we describe the preparation steps (Lines
1-4). Subsequently, we also describe the functions APPLYINTERMEDIATES(), PREDICT()
(black box model, but typically already vectorized), and AGGREGATEPREDICTIONS().

Preparation of Intermediates: Reducing the amount of redundant computation during
sampling and intervention is crucial. In the permutation sampling method, these steps
consist of sampling a given number of permutations and samples from the background
dataset, as well as constructing synthetic instances by picking features from the instance
of interest and an instance from the background dataset. The samples can be reused for
every instance. Since the samples only depend on the permutations, the coalitions (dictating
which features are used from the background and which from the instances) also stay the
same. Therefore, we use a masking approach, which stores the structure of the synthetic
instances in a boolean mask and prepares the sampled instances simultaneously. This mask
and the prepared samples result in two large but sparse matrices that can be applied via a
simple, element-wise matrix multiplication and addition. This masking is inspired by the
simplified binary vectors [LL17]. The preparation consists of sampling background data
and permutations (a), preparing boolean masks (b), and finally, preparing the background
samples with the boolean mask (c, d) as described in detail below.

a) Sampling from the Background Dataset and Permutations: The first two sampling
steps are fairly straightforward. A uniform sample of instances from the background can



be picked by shuffling the instances and picking the first n - m. However, for a reasonably
large number of marginalization samples 7, it is common to reuse the same samples for all
permutations [Lu]. Permutations are sampled by shuffling the feature indices m times and
storing the resulting rows of indices in a matrix. For instance, [3 1 2] is a permutation of
three features, where the third feature joins the coalition first, then the first and the second.

b) Preparing Boolean Masks: The synthetic instances for each coalition of features only
depend on the permutation. Instead of iterating through the possible coalitions from a
permutation to create masks, our method creates the entire matrix of masks for a permutation
at once. For one permutation, this mask holds the features in the columns and the coalitions
in the rows and is of size 2n-by-n, where n is the number of features in the permutation.
The 0/1 values indicate if the feature at this index is used in the coalition. The desired mask
M];Wd for the forward iteration of permutation p = [3 1 2] is therefore given by:

000
ML = mask([3 1 2]):? 8 i (1)
(|

We compute a contingency table of two carefully crafted vectors to derive this mask from
the permutation. The two vectors encode the positions of ones in the boolean matrix as
row-column-index pairs, derived from each permutation as the position of a feature. This
position defines the row in the coalition and boolean matrix, and the feature index defines
the column in the boolean matrix. The column index can be used to create a row indicator
vector by taking the lower triangular part of a matrix and reshaping it into a single column,
while dropping any zeros. For a permutation of length three, the process looks like this:

111
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The column indicator vector is based on the feature indices. This vector is created from a
square matrix with the permutation replicated in its rows. Again, the lower triangular part
is taken, flattened and the zeros are dropped, resulting in [3 3 1 3 1 2] for the example
permutation [3 1 2]. The contingency table of these two vectors is given by:

122333}, [©0]
table =(1 0 1 (3)
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To create the mask shown in Equation 1, we prepend [0 0 0]. However, we also want to
generate the mask for the antithetic counterpart to permutation p. To do so, we take the
complement of the matrix from Equation 3, reverse its rows, and append it below. The fact
that we use the complement of the mask created for the forward iteration for the masks of



the backward iteration indicates that we are generating antithetic samples of coalitions. This
process results in the matrix M, of size 2n X n for permutation p of length n:

[0 0 1]
1 0 1] forward mask created from contingency table
1 1 1
M,= - : 4
P 0 0 0 @
0 1 Ofreversed complement
11 1 0]

This matrix holds all coalitions of interest for a given permutation [3 1 2] and has the
following structure: the first row only selects the first feature (3), the second row selects the
first two features (3 and 1), and so on. The row of zeros on top simplifies the aggregation
step. Vertically stacking M, for all permutations p € P yields a single masking matrix M.

¢) Replicating and Preparing Samples for Marginalization: To marginalize out the
omitted features over m samples from the background dataset for each permutation, the
boolean mask must be replicated row-wise, while the matrix holding the background samples
has to be replicated block-wise. Row-wise replication by m increases the size of this boolean
matrix to m2n-by-n for n features. This row-wise replication for any matrix with s rows
is done by replicating a sequence vector (1 : s) over m columns, reshaping into a column
vector, and one-hot-encoding. The resulting selection matrix replicates any matrix with s
rows m times through matrix multiplication from the left (once for all permutations). The
samples can be replicated 2n times in vectorized form as well. First, the matrix of size
m-by-n is reshaped into a single row, then replicated using broadcasting into a matrix of size
2n-by-mn, and then reshaped into a matrix S, of size 2nm-by-n. This sequence is done in
parallel for all permutations. We are left with two large matrices: one for the boolean masks
of a given permutation M,,, and one containing the replicated background samples S,.
While the boolean mask already has a 50% sparsity, we can further reduce the size of the
replicated samples by applying the complement of M, turning it into a 50% sparse matrix.
The final size of S and M for n features and m samples, prepared for all p permutations is

dim(S) = dim(M) = ( p - 2n - m )X n (5)
~—— S~—— S~—— S~——
#permutations 27t coalitions  #samples #features

d) Application on each Instance: Due to the simple intermediates, all that is left to create
the synthetic instances xy,:, € X is to apply the boolean mask M to the instance x (with
broadcasting of x) and element-wise adding the result to the masked samples S:

X = S + ( M - x) (6)
SN~ S~—— S~——
prepared background samples boolean mask instance

This step creates p - 2nm synthetic instances for every instance, allowing fast preparation of
thousands of instances x using M and S. These instances are then scored by the model to



get predictions. If the masks and samples are too large for a system, the replications can
also be created for batches of synthesized instances and predictions.

Aggregation: Once the model computed predictions for the generated instances, we
aggregate these results. This step consists of computing the averages of each replicated
instance for marginalization over the omitted features, and the actual computation of the
SHAP values ¢; for each feature i. Computing the means for each batch of samples is done
by reshaping the predictions P so that each batch is in one row and computing the mean per
row. Each batch was created from a row in M (same coalition), and the batches are stacked
in an aligned manner in X and P. An example of this step for coalitions a and b is
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With this vector P,,eqns Of marginalized predictions for each coalition, the feature contri-
butions to the coalition can be computed by a matrix difference of the vector with itself,
shifted by one row. To allow a single vectorized operation, the row of zeros in M, (see
Equation 4) is moved to the top. For example, we obtain the mapping g : P, — C,, from
predictions p; € P}, in the rows, to coalitions ¢ € C,, of permutation p = [3 1 2] as:

[po] — {2}
pi| — {3}
. — P2 = {3’ l}
g:P, C, = |l b (3.1.2) (8)
pal = {2}
|P5] — {27 1}

From this mapping, we derive that the contribution of feature 7 in the forward pass (pg to
p3) and in the backward pass (p4 to ps) is given by p; — p;—1. We compute this difference
in a shifted difference as ¢, = P,[1 : n] — P, [0 : n — 1], leaving us with two rows that
need fixing: the rows for the first and last element of the backward pass. The first element
uses the full coalition for its difference. However, it should reuse the empty coalition from
the first row. The contribution of the last element uses the last element of P, and reuses the
element of the full coalition. We calculate them separately to facilitate the fast calculation
of all the other contributions. This procedure is done once for all permutations by reshaping
the marginalized predictions into a matrix so that the predictions for one permutation
are in one column. After averaging the forward and backward pass, the resulting matrix
is reshaped back into a column vector. This vector now holds the SHAP values for all
permutations stacked vertically. From this vector, the SHAP values for each feature are
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Fig. 1: Comparison of Operator Graphs. On the left, the conventional method iteratively prepares
and aggregates permutations, coalitions, and synthetic instances for each instance of interest. On the
right, the vectorized implementation prepares all permutations, coalitions, and background samples
for marginalization only once and applies this to every instance of interest.

aggregated according to the order of features in the permutations and averaged. Finally, we
obtain a single vector ¢ with the estimated SHAP value for each feature i at index i.

Reducing Redundancy: By preparing a large matrix operator once and applying it to each
instance, we reduce the amount of redundant preparation tasks. Figure 1 compares the
conventional computation (on the left) with our vectorized computation (on the right). On the
left, the steps consist of preparing permutations (blue), deriving the antithetic coalitions for
each permutation (green), and synthesizing instances for each coalition by creating multiple
instances using background samples (orange). On the right, this nested structure is reduced
into a one-time preparation and an application step (turquoise) per instance. The prediction
in the red area is still of the same size. However, the method allows larger batches and thus,
improved parallelization. During aggregation, averaging predictions for marginalization
(orange), computing contributions per coalition (green), and aggregating results for the
permutations (blue) are reduced into two consecutive operations per instance. The vectorized
design exhibits fewer operations for preparation and aggregation, fewer synchronization
barriers, and ultimately lower overhead. Using more permutations or background samples
only increases the size of intermediates but not the number of operations.

3.3 Parallelization

Parallelization is crucial in optimizing the computation of SHAP values, mainly due to the
computational intensity of the prediction step. Through vectorization, the tasks involved
in preparation, prediction, and aggregation can be parallelized. At the same time, this
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Fig. 2: Parallel Execution of Computations for each Instance (once the intermediates are prepared, the
operations for each instance can be executed in a task-parallel manner on a cluster of nodes).

high-level pipeline can run in parallel on many instances. Parallelization may introduce
additional overhead though for coordinating parallel tasks and communicating intermediates.
Effective parallelization strategies mitigate the computational demands of SHAP value
computation, making it feasible to apply this method on large datasets and complex models.

Granularity: A key aspect is the parallelization granularity in terms of task sizes. Fine-
grained parallelism involves breaking down tasks into very small subtasks, potentially leading
to high overhead in task management and communication. Coarse-grained parallelism, on
the other hand, uses larger subtasks, which can be more efficient but might not fully utilize
available resources and face load balance issues. Finding the right balance is essential. For
SHAP values, parallelization can be applied at various stages and three levels of granularity:

. Algorithm Level: The entire computation process can be parallelized by distributing
the computation for individual instances over many nodes in a data-parallel manner.

. High-level Operators: Specific subroutines within the SHAP computation, such as
the prediction steps for multiple coalitions, can be parallelized. This approach allows
for efficient execution of independent sub-tasks within the overall algorithm.

. Operations: Furthermore, we can parallelize individual operations, such as matrix
multiplications and other linear algebra operations in local or distributed environments.

Since each instance only depends on the background dataset and not on any other instance, we
could partition the instances and let each worker compute the SHAP values for one partition.
However, this approach would introduce unnecessary overhead since the preparation step
would have to be executed again for each instance, or at least for each partition.

Coarse-grained Parallelization: We propose combining as many of the subroutines as
possible into independent pipelines. These pipelines can be executed in a parallel for-loop
[Bol4], employing coarse-grained task parallelism without synchronization at operation



granularity. As described in Section 3.2, the redundancy reduction is achieved by preparing
boolean masks and background samples before computing SHAP values for each instance
of interest. These are also prepared in a parallel for-loop over the permutations. Additionally,
this coarse-grained data-parallel execution implicitly parallelizes model calls since pipelines
run in parallel. The parallel pipelines can be executed in a multi-threaded fashion on a
single node or on a cluster of nodes. Figure 2 depicts the coarse-grained parallelization.
After the intermediates are prepared, each worker gets the intermediates and a subset of
the instances. Using the intermediates, a pipeline (blue) is executed for each instance. The
results are finally aggregated. If the distribution introduces too much overhead, all pipelines
can also be executed on a single node using multi-threading. We utilize SystemDS’s parfor
construct [Bo14] and Spark backend [Bo16]. SystemDS compiles the high-level algorithm
into efficient execution plans, handles the necessary data exchange between backends, and
also partitions the instances of interest and assigns batches to workers.

Fine-grained Parallelization: In a more fine-grained manner, vectorized operations
already allow for multi-threaded or distributed execution. Vectorization involves converting
operations into a format where multiple data points are processed together, which internally
uses different means of parallelization but with synchronization barriers after every operation.
This transformation allows the system to perform optimizations such as reordering and fusing
operations to maximize efficiency. Vectorized operations simplify parallelization, better
exploit the hardware capabilities, and avoid unnecessary allocations. As we established in
Section 3.2, the steps within each parallel pipeline are vectorized, allowing for fine-grained
parallelization on the operations level. Using SystemDS’ scripting language DML, we use
high-level abstractions for vectorized tasks, but rely on the SystemDS optimizer to identify
optimization opportunities in linear algebra computations, and to compile efficient execution
plans [Bo20]. Each pipeline calls the model once with a single batch of all its generated
instances simultaneously. Despite the black-box nature of model predictions (called through
second-order eval), SystemDS can still collapse these unnecessary abstractions during
compilation and optimize the parallelization of model predictions as well.

4 Experiments

In this section, we study the accuracy and runtime of our optimized SHAP value computation
method, including a comparison with the state-of-the-art SHAP Python package.

4.1 Experimental Setting

Hardware Setup: All experiments were conducted on a 1+8 node cluster with each node
comprising an AMD EPYC 7443P processor at 2.8 GHz, featuring 24 physical cores, 48
virtual cores, and 256 GB of DDR4 memory. The operating system was Ubuntu 20.04. To
ensure a fair comparison, both our implementation and the baseline SHAP Python package



Tab. 1: Datasets and the ML Models used (one-hot encoding includes binning, where applicable).

Characteristics Adult US Census (1990)
Instances 32,561 2,458,286
Features 14 68
Features (One-Hot Encoded) 107 371
ML models multiLogReg, FNN linear SVM

were run on a single server, as the baseline does not support distributed operations. For the
scalability experiments, we then additionally use the entire cluster.

Implementation: The proposed algorithm is implemented as a DML script (with R-like
syntax) on top of Apache SystemDS [Bo20] and available as a builtin function®. The code
of the experiments is also available in the corresponding reproducibility repository*.

Datasets & Models: To evaluate the performance of our SHAP value computation, we
trained and explained three ML models: a multinomial logistic regression, a linear support
vector machine (SVM), and a feed-forward neural network (FNN). All models were applied
to classification tasks for which we selected two benchmark datasets from the UCI ML
Repository. Table 1 shows the data characteristics and models used for each. The Adult
dataset consists of 14 categorical and numerical features to predict whether an individual’s
income exceeds $50k [BK96]. The US Census dataset contains 68 categorical features and
aims to identify clusters within the data [MTH]. Both datasets are preprocessed by binning
numerical features into ten equi-width bins and one-hot encoding all features. The Adult
dataset comes with predefined binary labels. For the US Census dataset, we use k-means
clustering to label the data into four clusters and then apply multi-class classification.
Logistic regression was used on the Adult dataset due to its simplicity, which allowed us
to compute exact SHAP values for comparison based on the coefficients. The SVM and
FNN were trained on the UC Census dataset, where the FNN uses a sequence of dense,
dropout, and dense layers with ReLu and Sigmoid activation. These models also allow a
seamless conversion between SystemDS and Python, facilitating a direct comparison with
the SHAP Python package. To evaluate the influence of model complexity when analyzing
weak scaling, the FNN was additionally trained with one to eight hidden layers.

Baseline SHAP Python Package: Computing SHAP values for ML models is almost
synonymous with using the SHAP Python package, introduced by Lundberg and Lee in
2017 along with the SHAP framework [LLL.17]. This package is still maintained and new
features are regularly added. With nearly 6.7 million downloads per month?, it is likely the
most widely adopted collection of methods for computing SHAP values. The package aims
to detect the model type and select the best-suited explainer automatically, but defaults to the

3 SystemDS Repository: https://github.com/apache/systemds
4 Reproducibility Repository: https://github.com/damslab/reproducibility
5 As presented on the repository as of June 13th, 2024 https://github.com/shap/shap
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Tab. 2: MSE for Adult and Census datasets from the parallel method and the SHAP Python package
baseline. MSE was calculated over 100 computations of 50 instances at 100 samples and 10
permutations. Ground truth large is from Python package with 1000 samples and 500 permutations.

Model & Dataset Our Method Python
exact / large exact / large
LogReg on Adult 4.5e-05 / 4.3e-06 4.1e-05 / 4.4e-06
SVM on US Census N/A /2.5e-05 N/A /1.9e-05

PermutationExplainer (which performs APS) if no model-specific explainer is available.
For our experiments, we force the use of the PermutationExplainer as well as the number
of permutations and background samples to ensure a similar workload.

4.2 Accuracy Comparison

Our overall goal was a method that scales better to many instances without sacrificing
accuracy. We compute SHAP values for the LogReg and the SVM models using our parallel
method and the PermutationExplainer from the SHAP Python package. We select LogReg
and SVM because these models are largely identical across implementations and produce
the same predictions for the same instances. Additionally, we selected a single instance for
comparing the computed SHAP values by both methods in detail.

Overall Accuracy: Table 2 shows the overall accuracy in terms of mean squared error
(MSE) of SHAP values computed using both implementations on the LogReg and SVM
models. These values were averaged over 100 computations for the same 50 instances
and same 100 background samples. As ground truth, we used the SHAP values from the
SHAP package but with 1,000 samples and 500 permutations, assuming these values have
converged close to the actual values. For reference, computing SHAP values with this
many permutations and samples took six hours for the SVM on the US Census dataset,
highlighting the importance of achieving low errors with substantially reduced runtime. In
contrast, for LogReg, we use the model-specific LinearExplainer from the SHAP package
to compute an exact ground truth from the coefficients, scaled to the probability space. Both
implementations exhibit a similar MSE for all models and datasets. The magnitude of 107>
is small compared to the absolute size of SHAP values (up to 0.6 for Adult, 0.7 for Census).
The reference method shows a slightly lower MSE than our parallel method though.

SHAP Value Quality: Having established that both methods achieve similar overall MSE,
we now conduct a qualitative analysis. We compare our SHAP values to those computed by
the PermutationExplainer for a randomly selected example instance of the Adult dataset.
Figure 3 shows the SHAP values with the feature indices on the x-axis. The blue bars
represent the values computed by our parallel implementation in SystemDS, the orange bars
indicate the values computed by the SHAP Python package, and the green bars show the
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Fig. 3: Accuracy of SHAP values for all features of Adult. Features with indices above 65 have
insignificant SHAP values and were omitted for clarity.

rescaled exact SHAP values derived from the coefficients. Both implementations compute
similar SHAP values for each feature. Interestingly, both APS methods are more similar to
each other than to the exact values. This discrepancy may be due to scaling errors when
converting the exact values from log-odds to the probability space used by the other methods.
The MSE was 4.5e-05 for our method and 5.4e-05 for the Python method.

Discussion: Our new parallel method exhibits similar accuracy as the SHAP package with
errors in the order of 1073 These minor errors could be attributed to numerical precision
issues from the large sums involved in the marginalization and averaging steps. Our parallel
method accumulates larger quantities before aggregation but relies on Kahan addition for
numerically stable aggregations. These results demonstrate the accuracy of our method. An
exemplary study of the SHAP values also showed qualitatively similar results.

4.3 Local Runtime Comparison

We now evaluate the end-to-end runtime for different optimization levels and compare these
variants of our method with the SHAP PermutationExplainer. All SHAP values of these
local runtime experiments were computed using three permutations and 100 samples from
the background dataset. Further increasing the number of samples or permutations does not
significantly reduce the MSE. We report the mean of 3 repetitions.

Levels of Optimization: We evaluate different variants of our method, each representing
a different level of optimization. Every one of these methods runs in parallel on multiple
instances of interest. In our single-node setup, parallelization and vectorized execution can
reduce runtime by efficiently utilizing all available cores.
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Fig. 4: Runtime for increasing numbers of instances. Left: LogReg on the Adult dataset with 107
one-hot-encoded features; Right: SVM on the Census dataset with 371 features.

. Iterative: Computes SHAP values the conventional way by iterating through permu-
tations, their features, and coalitions for each instance individually.

. Vectorized: Computes SHAP values using vectorization but always prepares a new
set of permutations and masks for each instance.

. Parallel: Our full method prepares intermediates for all permutations in parallel,
computes SHAP values using vectorization, and reuses prepared intermediates.

Overall Runtime: Figure 4 shows the local runtime for the different variants in SystemDS
as well as the baseline. The left plot shows the runtime for LogReg on Adult, whereas
the right plot shows the runtime for SVM on Census. Both models use a simple matrix-
vector multiplication on the features for prediction. This simplicity—and similarity in
SystemDS and Python—allows us to effectively isolate the influence of the SHAP value
computation method. On the x-axes, we vary the number of instances, and the y-axes
show the corresponding runtimes. The red dashed lines indicate the runtime of the Python
implementation. All runtimes linearly increase with more instances, but with different slopes.
In both scenarios, our parallel method consistently outperforms the PermutationExplainer.
For the Adult dataset, the iterative method performs worst, followed by the method that
prepares and aggregates using vectorized operations only but without reuse of intermediates.
The Python baseline is only slightly faster. The method based on vectorization and parallel
reuse of the intermediates is the fastest. For US Census—which has about three times the
number of features—even the variants with the fewest optimizations outperform the baseline.
Although the final parallel method (which reuses intermediates) is again the fastest, the
results also demonstrate that the vectorized method is slower than the iterative method for
this dataset. This effect may be due to the overhead introduced by rewriting operations as
vectorized operations (creation of large vectors, reshape operations), and potentially large
allocations and evictions. However, in the final parallel method, this creation only needs to
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Fig. 6: Speedup of Parallel Permutation Sampling, compared to the SHAP package.

be executed once, the result is reused for every instance, and thus, easily amortized. The
combination of techniques in our parallel variant shows robust performance across datasets
and more than an order of magnitude runtime improvements compared to SHAP.

Model Impact: To determine the impact of the

model, we additionally trained a more complex o ~—— lIterative Preparation
FNN for classification on Adult. This model’s £ , — Vectorized Preparation
prediction step is more compute-intensive. Even £ 107 / - :{:Sepl thon Package
though there are fast, model-specific methods GEJ / Y E

for computing SHAP values for linear models, £ 5 -

neural networks can only be explained by model- 5

agnostic methods like APS. Figure 5 shows the *
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linearly. In contljast to LQgReg Fhougb, we ob- Fig. 5: Runtime for an FNN on the Adult
serve an overall increase in runtime, likely due  j,¢aset with 107 features.

to the more complex prediction. Our variants all

outperform the SHAP package by a large margin, and our parallel method with reuse in
blue is still the fastest. The iterative and vectorized methods—each performing independent
preparation for each instance—exhibit similar results as before. However, both methods
have runtimes that are closer to the parallel method with reuse, indicating that as prediction
complexity increases, the proportion of runtime attributed to predictions grows, thereby
diminishing the relative impact of optimizations in the preparation and aggregation steps.

Speedup: We further compute the speedup of our parallel method over the
PermutationExplainer for different numbers of instances. Figure 6 shows these speedups,
where the red dashed line represents a speedup of one, marking the threshold of performance
improvements. With the fastest prediction, LogReg shows the smallest speedup, converging
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Fig. 7: Distributed Runtime Comparison for Different Numbers of Instances, Models, and Datasets.

to 3x at around 8,000 instances. The highest speedup is achieved for the FNN, with a
speedup above 14x beyond 3,000 instances. The SHAP package is faster for very small
numbers of instances (speedup below the red line). However, even for LogReg with the
lowest speedup, our method surpasses this threshold at around 250 instances. Models with
more features or complex prediction steps exceed this threshold even sooner.

4.4 Distributed Runtime Comparison

Having established the performance benefit of effective parallelization in a single-node
environment, we now explore the scalability in distributed environments. Our design—of
utilizing independent pipelines per instance through SystemDS’s parfor-loop—allows the
workload to be distributed across multiple executors in a scale-out Spark cluster as well. We
use the same models and datasets as before but run the parfor-loop in remote Spark mode.

Runtime: Figure 7 shows the runtime for computing SHAP values across different models
and datasets: LogReg on Adult (left), SVM on Census (center), and FNN on Adult (right).
We compare the runtime of our method on a single node and an eight-node cluster, as
well as the SHAP package (which runs on a single node though). For LogReg, there is a
break-even point for using distributed operations at around 15,000 instances. Before this
point, the reduced overhead of the single-node configuration (e.g., no Spark context creation)
results in faster runtime. The SHAP package is also faster than distributed operations for
up to 2,700 instances. For SVM on Census, distributed operations already pay off for few
instances, outperforming the single-node methods substantially. Compared to SHAP, which
takes over 20 minutes to compute 2,500 instances, the distributed method completes 15,000
instances in less than 3 minutes. We observe a similar pattern for FNN on Adult, which
has a more complex prediction step. As with LogReg, single-node execution is faster for
few instances but is surpassed at around 2,500 instances. Beyond this point, distributed
execution is always faster when computing SHAP values for all 107 features.
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Fig. 8: Distributed Scaling Efficiency of Parallelized Permutation Sampling.

Scalability: To quantify the scalability of our method, we use scaling efficiency as a
metric how well additional nodes are utilized. We define this efficiency as n = S;", where
S, is the speedup achieved using n nodes compared to using the same algorithm on
a single node. Figure 8 shows the efficiency with increasing number of instances and
again for LogReg on Adult, SVM on Census, and FNN on Adult. Across all models,
scaling efficiency increases with the number of instances and understandably decreases
with the number of nodes because it becomes harder to fully utilize them. LogReg
shows generally low efficiency for all configurations due to the short runtime for single-
node execution. Distributed computation only becomes faster at around 15,000 instances.

The peaks in efficiency at one instance are

15.0 due to SystemDS falling back to single-node
81251 execution in this case, yielding an efficiency
21004 of % for n nodes in the configuration. The
E 75 < middle plot shows higher efficiency for the
v \\/ larger SVM on Census. The two-node cluster
;E 5.01 __/ I even surpasses an efficiency of one, indicat-
£ 2.51 ing very good scalability. On the right, FNN

0.0 ' ' ' ' on Adult—with a more complex prediction

2 4 6 8 step—shows also good efficiency which in-

Scaling Factor creases faster than LogReg with the number

----- Singlenode of instances. At 10,000 instances, we achieve
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ally to the number of nodes, maintaining a
Fig. 9: Weak Scaling of Distributed Computation. constant problem size per node. We indepen-

dently scale the number of instances for the
SVM, the number of features for SHAP computation on the same SVM, and the number of
hidden layers in the FNN on Adult, while keeping other parameters (30k instances and all
features) constant. As shown in Figure 9, single node runtime increases linearly with the
size of the problem, while the runtime remains nearly constant when scaling the number



of nodes. For the FNN, runtime even drops slightly. This result shows that models with
complex prediction steps benefit significantly from parallelization.

Discussion: The results demonstrate substantial improvements of our parallel method in
end-to-end runtime for all use cases and good scalability for large and complex models.
Moreover, we also observe substantial performance improvements compared to the SHAP
Python package across all models. While the benefits of specific optimization components
may vary depending on model characteristics, combining optimizations at all levels results
in a method that robustly outperforms the current state-of-the-art. Models with more features
or more complex prediction steps, such as SVM on Census or FNN on Adult, benefit more
than simple models from our scalable implementation. In terms of scaling efficiency, there
is room for improvements of the underlying SystemDS components (which we used without
dedicated modifications) as well as potential for scaling to larger clusters (because the
efficiency did not converge), larger data sizes, and large number of instances. Distributed
operations brought the runtimes down to below 3 minutes in all our experiments, which
means that one-time costs of Spark context creation (= 20 seconds), communication, and
scheduling consume a substantial portion of the overall runtime. The near-constant runtime
under weak scaling demonstrates strong scalability across various problem dimensions,
such as the number of instances, features, or model complexity. From these results, we
conclude that our design substantially reduces end-to-end runtime on a single node, and
larger and more complex models benefit from good scalability in distributed environments.

5 Conclusions

We devised a scalable, model-agnostic method for computing SHAP values on top of Apache
SystemDS. To this end, we use Antithetic Permutation Sampling as a solid foundation
due to its sampling efficiency and optimization potential. Key features of our approach
include reusing intermediates, reducing redundancy, as well as careful vectorization and
parallelization. When applying these features together, we achieve similar accuracy to
the SHAP Python package with speedups of up to 14x and 35x for local and distributed
operations, respectively. In conclusion, our scalable SHAP sampling enables the efficient
computation of SHAP explanations, especially for complex models and large datasets.
More broadly, this work is also an example of mapping complex, enumeration-based
algorithms to linear algebra and then utilizing ML systems to generate efficient local plans
or scalable distributed plans when needed. Interesting future work includes a broader set of
sampling algorithms, and pushing the envelope of scalability via a spectrum of dedicated
parallelization strategies (task-parallel, data-parallel, hybrid strategies).
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