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Ultra Data-Oriented Parallel Fractional Hot-Deck
Imputation with Efficient Linearized Variance
Estimation
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Abstract—Parallel fractional hot-deck imputation (P-FHDI [1]) is a general-purpose, assumption-free tool for handling item
nonresponse in big incomplete data by combining the theory of FHDI and parallel computing. FHDI cures multivariate missing data by
filling each missing unit with multiple observed values (thus, hot-deck) without resorting to distributional assumptions. P-FHDI can
tackle big incomplete data with millions of instances (big-n) or 10, 000 variables (big-p). However, handling ultra incomplete data (i.e.,
concurrently big-n and big-p) with tremendous instances and high dimensionality has posed problems to P-FHDI due to excessive
memory requirement and execution time. To tackle the aforementioned challenges, we propose the ultra data-oriented P-FHDI (named
UP-FHDI) capable of curing ultra incomplete data. In addition to the parallel Jackknife method, this paper enables a computationally
efficient ultra data-oriented variance estimation using parallel linearization techniques. Results confirm that UP-FHDI can tackle an
ultra dataset with one million instances and 10, 000 variables. This paper illustrates the special parallel algorithms of UP-FHDI and
confirms its positive impact on the subsequent deep learning performance.

Index Terms—Ultra data-oriented parallel fractional hot-deck imputation, ultra incomplete data, ultrahigh dimensional missing data
curing, parallel linearized variance estimation, two-staged feature selection, deep learning.

1 INTRODUCTION

I NCOMPLETE data commonly occurs in nearly all scientific
and engineering domains, which may result in biased
estimation of parameters and exacerbate subsequent
statistical analyses [2]. Inadequate handling of missing data
may lead to incorrect statistical inference and subsequent
machine learning (ML) [3]. A popular approach, known
as listwise deletion [4], is to omit instances with missing
values from analysis, but it may seriously bias sample
statistics if the data does not follow the assumption of
missing completely at random (MCAR). Pairwise deletion
proposed by [5] is found deficient for severe missingness.
Naive imputation (i.e., replace missing values with the
mean of observed values) is popular [6], but it may lead
to inconsistent bias when there is considerable missingness
inequality across variables.

There are two branches of imputation theory that
replace a missing value with statistically plausible values
[7]: single imputation and repeated imputation. The single
imputation uses expectation-maximization (EM) to replace
each missing item with a predicted value estimated by the
maximum likelihood methods [8]. However, it may require
a considerable convergence time when data missingness is
severe. Single imputation methods tend to underestimate
the standard errors.
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Repeated imputation includes two popular methods:
multiple imputation and fractional imputation. Multiple
imputation proposed by Rubin [9] overcomes the downside
of single imputation by replacing each missing value
with several plausible values representing the distribution
of all possible values. The R package mice implements
multiple imputation using chained equations to handle
multivariate missing data such that each variable has
its own imputation model [10]. However, the so-called
“congeniality” and “self-efficiency” conditions are required
for the validity of multiple imputation which may pose
challenges in practice [11], [12]. Fractional imputation,
proposed by [13] and extensively discussed in [14], [15],
[16], creates a complete dataset with fractional weights
after imputation. Departing from the fractional imputation,
[17] proposed fractional hot-deck imputation, a non-
parametric imputation method using two-phase sampling
for stratification. Some of the authors of this paper
developed the R package F'H DI [18] to perform fractional
hot-deck imputation or fully-efficient fractional imputation
(FEFI) to cure general multivariate incomplete datasets
without prior distributional assumptions.

Recently, ML-based imputation methods have been
gradually emerging: e.g., generative adversarial net-
works (GAN) for missing data [19], [20]. K-Harmonic
mean imputation [21], sequential regression multivariate
imputation [22], Fuzzy C-Means imputation [23], and
predictive mean matching [24] are also noteworthy.
These existing imputation methods often require expert-
level distributional assumptions that are difficult for
general researchers. Also, computational limitations pose
fundamental challenges to curing big incomplete data.

This paper follows the conventions in [1] to divide
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different types of big incomplete data according to their
configurations — “big-n” data with many instances, “big-
p” data with high dimensionality, and “ultra” data with
concurrently many instances and high-dimensionality. None
of the aforementioned existing imputation methods are
adequate to cure these three categories of big incomplete
data. As the first attempt to handle big-n data with
millions of instances or big-p data with 10,000 variables,
some authors of this paper developed an initial version
of parallel-FHDI (P-FHDI) by leveraging high-performance
computing (HPC) technologies and adding big data-
oriented algorithms to FHDI [1]. Yet, “ultra” data was
beyond the scope of the previous P-FHDIL

This paper develops ultra (concurrently big-n and big-
p) data-oriented parallel FHDI (denoted as UP-FHDI) with
specialized theoretical and computational advancements.
UP-FHDI inherits the essence of FHDI theory, i.e.,
imputation cells are created to match donors and recipients,
and the observed values of each donor are jointly imputed
to fill missing items, generating a single completed dataset
at the end.

The major contributions of this paper compared to
the previous works are as follows: (1) UP-FHDI supports
inter-processor communication and IO communication with
the hard drive necessary for ultra data storage, while
the previous P-FHDI allows only memory usage and no
external data storage; (2) UP-FHDI adopts the parallel k-
nearest neighbors (KNN) method for handling deficient
donors (i.e., when a missing cell has less than two possible
donors), while P-FHDI uses the cell collapsing scheme that
causes substantial computing time; (3) UP-FHDI enables
a fast and efficient variance estimation by developing
parallel linearization techniques, while P-FHDI uses the
parallel Jackknife method that is not feasible for ultra
data; (4) This paper evaluates the performance of UP-FHDI
against baseline imputation methods using large real-world
and ultra synthetic datasets and affirms that UP-FHDI is
adequate to tackle a wide spectrum of missing data; (5) This
paper proposes a two-staged feature selection method using
parallel mutual information and the graphical lasso, which
facilitates the investigation of the impact of UP-FHDI on
the subsequent deep learning performance with ultrahigh
dimensional data.

The rest of this paper is organized as follows: we review
the related work in Section 2. Section 3 recaps the backbone
theories of the four stages of UP-FHDI. Section 4 presents
the adopted parallel file system and expounds upon the
primary parallel algorithms of UP-FHDI. Section 5 validates
UP-FHDI by Monte Carlo simulations and comparative
studies against baseline imputation methods. Section 6
evaluates scaling performance and provides cost models.
Section 7 introduces a two-staged feature selection method
and investigates the impact of UP-FHDI on subsequent deep
learning performance. Finally, we present the future works
and concluding remarks in Sections 8 and 9. Comprehensive
examples in APPENDIX I illustrate how to use UP-FHDI.

2 RELATED WORK

This section reviews state-of-the-art parallel computing-
based imputation methods. [25] developed a parallel

2

imputation  algorithm  with  cloud-based  tensor
decomposition to impute missing epigenomics experiments.
Package MaCH developed the genotype imputation to
infer the missing genotypes in genetic studies. However,
it considers all observed genotypes when imputing each
missing genotype, leading to a quadratic execution time
increase, for which [26] proposed a parallel MaCH-
based imputation using GPU implementations. Yet, the
above parallel imputation methods are restrictive in
bioinformatics, and the favorable scaling performance is
not broadly confirmed. Incompleteness often occurs in
big enterprise data, [27] proposed a parallel imputation
framework to cure enterprise registration data, but it
is tailored for big geo-referenced text data processing,
exhibiting limited scaling (3.5 times at maximum). Other
related works include R package missForst [28] for
mixed-type data and parallel Bayesian Markov chain
Monte Carlo (MCMC) imputation [29] for missing data
in epidemiology. missForst adopted the random-forest
imputation method and could run in parallel when the
computation of random forests is time-consuming. [29]
first adopted parallel MCMC for Bayesian imputation
on the disk-based shared memory, which parallelized
MCMC iterations over available nodes by a simple divide-
and-conquer strategy, resulting in promising scalability.
However, the parallel MCMC requires highly customized,
setting-specific, and parallelized software. All of these
parallel imputation methods are restricted to specific
disciplines and not suitable for general ultra incomplete
data in broad science and engineering domains, which is to
be tackled by the present UP-FHDI.

3 KEY EQUATIONS FOR UP-FHDI

For a concise description of UP-FHDI, we introduce the
following basic setup. Assume a finite population U with p-
dimensional continuous variables y = {y1,¥2,...,¥p}, and
yi1 represents the ith realization of the /th variable where i €
{1,2,...,N}and | € {1,2,...,p}. A response indicator ¢;
takes the value of 1 if y;; is observed and §;; = 0 otherwise.
Given the number of categories K, one can discretize
continuous variables y to discrete variables z, the so-called
“imputation cells,” such that z take values within categories
{1,2,--- ,K} for each variable. The y-values within the
same value of z are relatively homogeneous. One can
decompose an instance y; = {Y; ybs> Y;.mis } as the observed
and missing parts, respectively. Similarly, the corresponding
z-vector is decomposed as z; = {Zi.obs, Zi,mis }-

Let A be the index set of the sample of size n selected
by a probability sampling mechanism. Consider Aj; as
an index set of missing units such that Ay, = {i €
A; [T, 6s = 0}; alternatively an index set with observed
unitsis Ap = {i € A;[[7_; 64 = 1} such that Ay U Ap =
A. Imputation cells z consist of missing patterns zy; = {z; |
i € Ay} and observed patterns zgp = {z; | i« € Ag}.
The cross-classification of all variables forms imputation
cells z, and we assume a cell mean model on the cells
determined by z. Considering a finite mixture model under
missing at random (MAR), the conditional distribution of
JF(Yimis | Yiops) can be approximated (See detailed theory
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Fig. 1: Key four stages of UP-FHDI. The new theoretical advancements for UP-FHDI are marked with diamonds. The
incremental updates of UP-FHDI based on P-FHDI are marked with stars. Note that X* is the set of selected variables for
all recipients and m is the minimum number of matched donors for all recipients.

in [1]). Fig. 1 gives audiences a comprehensive guide to UP-
FHDI theory. We will follow this diagram to present key
equations of UP-FHDI stages as follows.

3.1 Cell construction and variable reduction

The mathematical symbol "> " proposed in [1] denotes a
loop that repeats a sequence of the same operation S(z)
with discrete input augments. Consequently, the operations
Eé’:a S(x;) enumerate a sequence of S(z;) in a vector
format. The operations Ef:a E?:c S(x;;) enumerate a
sequence of S(x;;) in a matrix format. This paper continues
to use these notations to facilitate the description of UP-
FHDI. [17] proposed the discretization method to pre-
determine imputation cells z using the estimated sample
quantiles. Considering z s ancl Z R, We can obtain index sets
of unique missing patterns Ay, = {i,j € Ay | Vi #
J, zi # zj} of size fiyy and unique observed patterns
Ar = {i,j € Ar | Vi # j, z; # z;} of size N,
respectively. Sequentially, we can further extract the unique
missing patterns Zy; = {2; | i € Aj/} and unique observed
patterns Zp = {2, | i € Ag}. Let D; € NMi be the donor
indices for the ith recipient z; = {2 obs;Zimis} Where
D; = {j € Ar | 2Zjobs = Ziobs} With a size of M;. The
entity M; is the number of donors for the ith recipient.
We can perform an exhausting search over zp to iteratively
obtain index sets of donors for all recipients L = {D; | i €
Ajs}. Meanwhile, we derive a set of the number of total
donors for all recipients M = {M; | i € Ap}. [1] gave full
details on unique pattern extraction and donor search, this
section needs no further elaboration.

UP-FHDI must overcome the curse of dimensionality.
A huge literature was accumulated on the problem of
variable reduction (e.g., [30], [31], [32], [33]). Noteworthy,
[34] proposed the sure independence screening (SIS) for
ultrahigh dimensional variable selection. Inspired by the
screening step of SIS, [1] came up with a correlation-based
SIS to filter out noise variables with weak correlations
to responses (i.e., missing variables). Suppose we select
v variables for a recipient such that v < p. Let X =
{X1,...,X,} be always observed and Y = {Y¥7,...,Y,}
be subject to missingness such that p = ¢ + w. Consider
Ty = (ri,r3,...,r}) as a vector of sample correlations of X
given Y},. This paper proposes a complement to the existing
correlation-based SIS as follows:

(1) Compute correlation vectors 7, where k €

{1,...,w}.

(2) Extract r* = (r{,r3,...,ry), where r; =
max(r},r5,...,7}).
(3) Define sub-covariate set M for imputing Y such

that

M={l<i<g 1)
larget v, where 1 € r*}.

By contrast, the existing SIS in [1] derived M =

Nj_y My or M = U_, My, where M, is the sub-

covariate set with top correlations for imputing Y}.

| 7| is among top of the

Imputation cells z after discretization can not always
guarantee at least two donors for every recipient to capture
the variability from imputation. Denote the minimum entity
of M be m. [1] adopted the cell collapsing to produce more
donors and stop only if m > 2. The non-parallelizable cell
collapsing method is computationally intractable in practice.
As a remedy, this paper applies the KNN method [35] to
efficiently determine deficient donors. Let e € R"% be the
Euclidean distance (ED) between a recipient z; and zg. Let
w be the observed covariate set for z; if SIS is not used.
Otherwise, w is set to be the sub-covariate set M derived
by SIS for z;. Suppose z; has less than two donors such that
M; < 2, the KNN algorithm consists of the following steps:

(1) Compute e by
o Zit  ZR(j,1) ’
= i ZRGD 2
© g 2 (kz Ky ) @)
Jj=1 lew
€ zr and k; is the number of

where Zg(
categories of z;.
(2) Suppose e, is the minimum entity of e. Add ¢; to
D, and update M;. If M; > 2, stop.
(3) Suppose e, is the second minimum entity of e. Add
ty to D; and update M;.

We will iteratively apply the KNN method to every
unqualified recipient until m > 2.

3.2 Estimation of cell
variables

probability with selected

A modified EM algorithm by weighting was proposed
by [36] and extensively used in [1], [17] to estimate the
conditional probability. This section extends this method
with selected variables. Let X* be the selected covariates
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in the sub-covariate set M derived by SIS such that X* C
X = {X1,..., X} Consider Y = {Y3,...,Y,,} as a w-
dimensional categorical random vector with support C. We
develop an EM algorithm for estimating the joint probability
for P(Y | X*). Let m.(x*) = P(Y = ¢ | z*) be the
conditional probability of Y = ¢ given X* = x*. Note that
> (@) =1. ®)
ceC
The E-step is to compute the conditional probability

() = POy, = e | 2}, y; 1)
= I(yi,obs = cObS(i)) ' P(f) (yi,mis = Cmis(i) | w;‘7yi,obs)’
4
where {Cops(s), Cmis(i)} 18 a partition of ¢ based on the
missing pattern in unit 7. And P(t)(yiﬂnis = Cmis(i) |
‘f‘cfv yi,obs) is

M (@)
Yeeo, T (@)
0 otherwise,
and C; = {c € C;y; s = Cops(i)} is the subset of C
whose ¢,,(;) components are equal to y; ops- The M-step
is to update the conditional probability as

Zz 11(1: =z y Yi,obs _cobs()) (t)(c)

if yi,obs = Cobs(i)

PY = ®)

ni (@) =

Z(‘ECZ? 1 (

3.3 Imputation

For simplicity in description, consider two discrete random
variables (z1, z2) with the same support of (2ops, Zmis). The
key equation for developing fractional hot deck imputation
is to approximate the conditional distribution of f(ymis |
yobs) by

f (Ymis ‘ Yobs)

= ZZMZMZ? | yObS)f(ymis | 21722)

Z2 21

Zzp Z1 | yobe

Z2 21
= p(Zl = Zobs | yubs)p(zmis | Zobs).f(y’rnis | Z1 = RobsyR2 = Zmzs)
= p(Zl = Zobs | yobs)p(zmis | Zobs)f(ymis | 22 = Zmis)~
where the last equality is derived under the conditional
independence between ¥,,;s and z,ps given zpis. The first
component is equal to I(z1 = zops) if zops is a sulfficient
summary of yops. The second component is computed by
the above EM algorithm. The third component is computed
from the hot-deck imputation within z.

For concise explanations, let A be partitioned into G
groups such that A = A; U ..., Ag. The group A, can

be sub-partitioned into Ar, = {j € Ayd; = 1} and
Ay, = {j € Ay;0; = 0}. Let ng, and nyy, be size of
Agr, and Ay , respectively. We can decompose a donor
for the ith recipient (zZ obss Zi,mis) aS (2 0bs) 2% mis) Where
Zjobs = Ziobs and zj mis 15 @ possible imputed value for
Zimis- Let w}; ppp; be the fractional weights of the jth
FEFI donor for the ith recipient. The FEFI donors refer to
all possible donors and w;; g, is expressed by
Wy

Z
Zj, mm‘ j,obs Z leA wlal

(22 | 21) f (Ymis | 21, 22) ()

*
Wi FEFT = Tz

®)

;=" s Yi,obs = Cobs(z)) (t) (C)
6

4

The term a; = 1 if (2 Obs,zl m”) (25,0bs> ;‘mw)
Otherwise, a; = 0. Note that Zj 1w pprr = 1. The term
Tzt iulzions 15 the conditional probability of 27 given
Z;,0bs computed by

N P(z;,'rnis’ zObS)

T o =
zj,7n'i3 |z0b5

j,mis

_ _ P(Z; mis> Zobs)

P(ZObS) ZTLRQ P( ]mzs’ ObS)
)
where P(27 .5, Zobs) is the joint probability derived after
the convergence of the EM algorithm in the preceding
subsection. Note that Z =1 Tz . |2.00, = 1. The tailored
systematic sampling [18] was de51gnated to efficiently select
M FHDI donors among FEFI donors. UP-FHDI inherits this
method with modifications. Originally, the first step of the
tailored systematic sampling scheme sorts all FEFI donors in
Mahalanobis distance by the half-ascending half-descending
order. However, computation of Mahalanobis distance is
intractable when the dimension space is ultra-high. As a
remedy, we substitute this step with a random shuffle and
confirm that this modification affects the mean estimates in
a negligible manner. Let w;; be the fractional weights of the

Jth FHDI donor for the ith recipient. The w;; is given by
1
« _ ) ar ifng, > M
Wi = wi; pppr fng, <M, (10)

The FHDI estimator of y; can be expressed by
M

Viprpr = Y wi{daya + (1—6x) wajy;}(j)} 11)
i€EA Jj=1

*(7) ;

where 3, is the jth imputed value of y;;.

3.4 Fast and efficient variance estimation for ultra data

Popular variance estimation methods include balanced
repeated replication [37], bootstrap [38], and Jackknife
methods [39]. The Jackknife variance estimation had
been successfully implemented into P-FHDI and proved
to be effective [1]. We modified the parallel Jackknife
method in this study for better efficiency. Yet, it is not
applicable for ultra data owing to the computational
bottleneck. To overcome this challenge, we develop a
linearized variance estimation technique based on one of
the author’s dedicated prior works [40]. Consider variance
estimation of a deterministic imputation. Assume the
original sample is decomposed into G disjoint groups. The
sample observations follow the cell mean model:

yi | i€ Ay X (g, 02). 12)
where A, is the index set of group g. Let n, and 7, be the
number of elements and the number of observed elements
in group g, respectively. Assume the response mechanism
is MAR and the parameter of interest is § = E(Y). We
will use a deterministic imputation with 7 = (fi1, ..., fig),
where i, = ;1 ZzeA 0;y; is the gth cell mean of y among

g
respondents The 1mputed estimator of 6 w1ll be

Z > {0+ ;anﬂg, (13)
g=1

g licAy
Writing e;q = y; — uq for i € A, we can express

= *Z ngug+—26elg ,

9 icA,

5i>/:‘g} =
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Using E(e;q) = 0, the uncertainty associated with ny/ry is
asymptotically negligible. Thus, the imputed estimator 6;

can be expressed by
{Mg — Hg) }

g licA,
where p, is the probability limit of r4/ng. The resulting
variance estimator is

(14)

G
V(r) = Z Z (15)
g=1i€A,
where . n
g
o1 G
- Z Z 17)
no= €A,

We can extend the linearization formula for the variance
of the mean estimator of FHDI with multivariate missing
data, where M imputed values are randomly selected
from respondents in the same imputation cell. The FHDI
estimator of the mean of vy, is given by

n

. 1 e
fupHpr = Z {0uya + (1 —6a)ys}, (18)
i=1
where
M .
g=MTY gy (19)
=1

Assume each unit ¢ in the sample belong to one and only one
imputation cell. Let 3,4 be the sample mean of y; among the
respondents in cell g such that

Ygi = — Z Sayit,

Zesql
where §; € N"¢! is the index set of the units in imputation
cell g. And 7 is the number of observed units (i.e., ; = 1)
in cell g of y;. The variance estimator of ji; prpr can be

expressed by
Z 7711 )

(20)

V(Ml FHDI) (21)
7:1
where
Nit = 0ufgr + (1 — da)yy; + 5y et 9 (g — Ugt), (22)
Tgl
and 7 = n~! > Nu. The standard error of [ pupr is
computed by

SE(fu,rip1) = \/V(fu,rmps). (23)

4 PARALLEL ALGORITHMS OF UP-FHDI

Fig. 2 visualizes the parallel file system tailored for UP-
FHDI. This system targets the HPC environment that
allows simultaneous access from multiple compute servers.
Suppose we have in total () processors indexed by
0,...,Q — 1. The slave processors indexed by 1,...,Q — 1
perform distributed computations. The master processor
(indexed by 0) is responsible for aggregating results from
slave processors. The MPI library [41] provides basic
routines MPI_Send and MPI_Recv (denoted as MPI_SR
for brevity), and MPI_Bcast to support inter-processor
communication. The master processor integrates pieces
of results together by an operation MPI_Gather (denoted

/0™

Local Storage
- (e.g., Hard Drive)

—| : |&

"

Fig. 2: Scheme of the parallel file system on multiple
writers and readers. The IO communication between
slave processors and the hard drive is conveyed by
MPI_File_Read and MPI_File_Write routines. The OOOPS
optimally throttles the IO workload (solid green circles).

Communication Channel

MPI_File Read &
MPI_File_Write

as (). The operation © (i # 0) integrates results
generated by slave processors (indexed by ¢ to j) and
stacks them on the master. Notably, the parallel file system
supports IO communication between slave processors and
the hard drive by cooperative parallel IO in MPI, thereby
overcoming out-of-memory problems. We adopt 1O routines
MPI_File_Read (denoted as MPI_RD) and MPI_File_Write
(denoted as MPI_WR) to simultaneously read or write
from multiple processes to a single binary file on the hard
drive. The MPI parallel IO is superior to non-parallel 10
since its operations are collective such that IO is scalable.
A single user’s intensive and simultaneous IO running
on a small number of nodes can overload the metadata
server and degrade global file system performance. As a
remedy, [42] developed the Optimal Overload IO Protection
System (OOOPS) to automatically detect and throttle the IO
workload. We apply this tool with UP-FHDI to dynamically
adjust IO during the job without interruption. Hereafter,
any vector or matrix will be marked with a star symbol
" on the left-up corner when it is temporarily placed
on the hard drive. The development of UP-FHDI is
conducted and tested on the local HPC of ISU (Condo
[43]) and NSF Cyberinfrastructure’s HPC (Stampede2 [44]).
The benchmark tests across different HPC environments
guarantee the compatibility of UP-FHDI.

4.1 Parallel cell construction

Let v be the number of reduced variables after SIS per
each missing pattern. Algorithm 1 recaps the key sub-
steps of parallel cell construction with SIS. The function
CAT predetermines imputation cells z and the function
ZMAT decomposes z into unique missing patterns zps
and unique observed patterns zZg. Sequentially, we pair
donors for each recipient by function nDAU. Note that
we search donors for each recipient based on v selected
variables when SIS is activated by setting v # 0. Otherwise,
donors are determined based on all observed variables of
a recipient. If there exists z; € zp; such that M; < 2 (ie.,
deficient donor situation), we adopt the KNN function until
every recipient has at least two donors. Unless otherwise
stated, UniformDistr(.) means a simple uniform task/data
distribution scheme. The indices (s and e) represent the
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beginning and ending of distributed work on processor
g, respectively. In lines 1 and 2 of Algorithm 2, we read
distributed raw data on hard drive y(? to each slave
processor. Considering the estimated distribution function

of yy:
. e Oin Wil (yir, <t
Fk(t) _ Z’LEA ik'Wq (y’bk = ) (24)
2iea OikWi
For every yj, where k € {s, ..., e}, we construct proportions
{days- -, Gae } satisfying 0 < a3 < -+ < ag in line 4, the

estimated sampling quantile of ;. for a, is defined as:

Ga, = min{t, F(t) > ag}t. (25)
From lines 5 to 9, we can discrete y; to 2, with respect
to {Gays---daet- In lines 11 and 12, write distributed
imputation cells z(9) from slave processors to the hard drive
and integrate as *z. In lines 1 and 2 of Algorithm 3, read
distributed imputation cells z(?) to each slave processor. Let
F € Nsuch that z = z; U--- U zp. We can iteratively
compare z(? with zy, f € {1,...,F} in lines 3 to 6
to remove duplicates in z(?), and thus obtain distributed
unique patterns z(?. Hence, z(") N z\9) = () whenever i # j.

Distributed unique observed patterns ig)

patterns 25&) can be partitioned from Z(? in line 7. In lines
(a (a)

8 and 9, we simultaneously write z R) and z,; as *zr and
*zyr on the hard drive via the parallel file system.

and missing

Algorithm 1 Parallel cell construction

Input: raw data *y
Output: imputation cells *z, unique observed patterns
*ZpR, unique missing patterns *zj;, donor list L

Invoke function CAT(*y) — *z
Invoke function ZMAT(*z) — *Zg, *Zs
if v==0 then

Invoke function nDAU(*zg, *z);) — M, L
else

Invoke function RANK(*y) — V

Invoke function nDAU(*zg, *Zpr, V) — M, L
end if
m = min(M)
if m < 2 then

Invoke function KNN(*zg, *Zpr, M,L) — L
end if

O XN DGRy

_=
N 2o

Algorithm 2 Parallel function CAT

Input: raw data *y
Output: imputation cells *z

: UniformDistr(p)— s, e
MPI_RD(*y(?)) — y(@
forVkins:e do
Construct cumulative proportions {gq,, - . .
forViinl:ndo
if qAagfl < Yir < (jag then
Zik = 4
end if
end for
10: end for
11: MPLWR(z(?)) — *z(®)
12: *z = Q?il*z(‘”

a(jac;}

O X NP N

Algorithm 3 Parallel function ZMAT

Input: imputation cells *z
Output: unique observed patterns *zZr and unique
missing patterns *z,s
UniformDistr(n)— s, e
MPL RD(*z(?)) — z(@)
forV finl: F do
MPI_RD(*Zf) — Zf
Compare(z(‘”,zf) — z(@
end for
MPI_WR(zgg); 25\‘;’) A

0

Letvy, ={l|1<I< p;‘ré’ is among the top of largest t},
where rl is a simple correlation computed by observed
values of y, and y;. Let V.= »7_, v be an index set
that has top t correlations. Note that ¢ is a user-defined
integer where ¢ > wv. In high dimensional space, the use
of ¢ significantly reduces the memory usage and guarantees
one can extract v reduced variables from V. In lines 1 and 2
of Algorithm 4, read distributed raw data y(%) to each slave
processor. Consider F' € N such thaty,U- - -Uy, = y. Inline
6, derive an index list vy, based on the computed correlations
between y,(gq) and y,. If f equals one, V(9 can be initialized
by including vy, where k € {1,...,p/(Q — 1)}. Otherwise,
we need to update the existing v, in V(?) in contrast with
the v; generated in the current iteration. Generally, we
always retain the latest index sets in V(@ after updates
within iterations. See the SIS algorithm in Section 3.1 for
more explanations. In line 14, we can integrate V(9 on the
master processor and broadcast V to slaves in line 15.

In lines 1 and 2 of Algorithm 5, we read distributed

recipients ig\‘}) to each slave processor. From lines 3 to 15,

pair donors for each recipient Eg\q{) L € ig\(/’[). Let F' € N such

that zg = zZp1 U U Z RF- Likevyise, let A ¢ be an index set
of Zgs such that A = A1 U... Ap. We iteratively compare
ESC]{) x With Zgy from lines 6 to 13 to obtain donor list D,

and the number of donors M}, by

D= Y tI(z\), =zry.), (26)
tEAf

My = > I(Z\, = 2ryse). 7)
tGAf

where Zry: € Zgy. Note that ¢ € Af in Eq. (26) will be
mapping to t € Apr globally before adding to D). When
no variable reduction is applied by setting v = 0, I (25&) k=
Z Rf,t) = 1if 25\3[) & = ZRys is true concerning all observed
variables w of z ]g[) i (lines 7 and 8). Otherwise, we need to
first obtain an index set of selected variables v for 25&) L by
either of the SIS methods in line 10. Note that the proposed
SIS method in Section 3.1 is denoted as global herein. Then

1(25\3),1@ =2Zpss) = Lif 25&)’,6 = ZRy,t is true concerning only

the selected variables v of 25&) ; (lines 11 and 12). In lines
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16 and 17, we can integrate L(9) and M (@ on the master
processor and broadcast L and M to slaves (line 18).

Algorithm 4 Parallel function RANK
Input: raw data *y
Output: ranking list V
1: UniformDistr(p)— s, e
2: MPL_RD(*y(?)) — y(@)
3: forV finl: F do

4  MPLRD(y,) — vy,

5. forVkinl:p/(Q—1)do

6: Correlation(yff%y f) — Vi
7 if f==1 then

8 V(9 add(vy)

9: else

10: V(Q).update(vk)

11: end if

122 end for

13: end for

14: MPI_SR(V(@)); Vv = Q¢ 1v(@
15: MPI_Bcast(V)

Algorithm 5 Parallel function nDAU

Input: unique observed patterns *zr and unique
missing patterns *z,s, ranking list V
Output: donor list L, number set of donors M
1: UniformDistr(n,s)— s, e
2. MPI_RD(*z\?) — (%
3: forVkinl: ﬁgg[) do

4: forV finl: F do

5: MPIL_RD(*zgyf) — Zgy

6 if v==0 then

7. Compare(247, . zry) — L(?).add(Dy,)

8 Compare(,%g\%)’ijf) — MY add (M)

9 else

10: U = NgewVk |V= UrewVk ||v= globalie, vy
11: Compare(%%{k, Zrs,v) — L@ .add(Dy,)
12: Compare(,%gg[{k,in, v) — M9 add(M},)
13: end if

14:  end for

15: end for

16: MPI_SR(L(¥); L = Q@™ 'L(@
17: MPI_SR(M?); M = Q97 ' M@
18: MPI_Bcast(L; M)

In lines 1 and 2 of Algorithm 6, distributed recipients
25&) are read from the hard drive. From lines 3 to 15, we
will determine deficient donors for recipients 25&) « that has
M, < 2. Initialize global minimum ED (denoted as e;, ) and
global second-minimum ED (denoted as e;,) as an infinitely
large constant ¢ in line 4. Let ¢; € A Rr be an instance index
that has an ED of ey, . Likewise, let t2 € A r be an instance
index that has an ED of e;, and t; # t2. Let F' € N such
that Zgp = Zg; U -+ - U Zgp. From lines 5 to 10, compute ED
e between 25\(/’[) i and Zg1, ..., Zgp iteratively by Eq. (2) and
update ¢; and ¢» within iterations. In line 11, add ¢; to donor
list L and update Mj. If My, is still less than two, continue

7

to add ¢, to L such that two donors will be guaranteed. In
line 16, we can integrate L(?) on the master processor and
broadcast L to slaves in line 17.

Algorithm 6 Parallel function KNN

Input: unique observed patterns *zr, unique
missing patterns *z,s, donor list L, number set
of donors M
Output: donor list L
1: UniformDistr(n,s)— s, e
2. MPI_RD("z{?) — z{?
3: for igg[)k S ij\(f[) such that M < 2 do
4: tq :7152 =0and €, =€, =€
5. forV finl: F do
6 MPI_RD(*Zgy) — Zrs
7: Euclidean(éggj)’k,in) —e
8
9

min(e;,, e) — e, b1

: second_min(ey,, e) — e,, ta
10:  end for
11:  L.add(t1); My = M}, + occurrence of Zg 4,
12:  if M} < 2 then
13: L.add(t2);
14:  end if
15: end for
16: MPI_SR(L(); L = Q@™ 'L(@
17: MPI_Bcast(L)

4.2 Parallel imputation

The EM algorithm in the estimation of cell probability
is an implicit and iterative process such that it does not
support a simple divide-and-conquer parallelism. Hence,
we only apply necessary parallelisms to multiple linear
search operations (see [1] for details of parallel cell
probability). In line 1 of Algorithm 7, each slave is aware of
boundary indices of distributed tasks. From lines 2 to 13, it
selects FHDI donors among FEFI donors for each recipient
and computes corresponding fractional weights. In line 3,
compute fractional weights w}; pgp; for FEFI donors by
Eq. (8). If the kth recipient has less than M donors such that
M, < M, we will adopt all possible donors in I, where
l; € L is the donor index list for the kth recipient. In line
5, import imputed values to memory regarding I;, and add

imputed values along with wy; ppp, to Y? in line 6. If
the kth recipient has more than M donors in [;, such that
My, > M, we apply the tailored systematic sampling scheme
[18] to efficiently select M donors as ;7 in line 8. In line 9,
it computes fractional weights wy ; for FHDI donors by Eq.
(10). Likewise, import imputed values to memory regarding

Iy and add imputed values along with wj; to Y% in line
11. In lines 14 and 15, it simultaneously writes distributed

imputed values Y(q) to the hard drive and integrates them
as Y.

4.3 Parallel variance estimation

Full details about the parallel Jackknife variance estimation
are available in [1]. This section will focus on the parallel
linearization techniques in Algorithm 8.
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Algorithm 7 Parallel imputation

Input: raw data *y, unique missing patterns *z,s, donor
list L, number set Aof donors M

Output: imputed valus *Y
1: UniformDistr(nas)— s, e
2: forVkins:edo
3:  compute Wi, ppp;

if M, < M then

I, = *y,; MPL.RD("y,) =y,

(11) ((1)
add(wk FEFI) add(y,,)

select Iy = {l ‘ le lk} &‘l}\ﬂ =

4
5
6
7: else
8
9 Compute wy;

Iayr = *y,; MPLRD(*y,) =y,
1 Y7 add(wy,); Y add(y,)
12:  end if
13: end for

14 MPLWR(Y'?) — ¥

15 Y = Q@ ey

Algorithm 8 Parallel linearized variance estimation

Input: raw data *y, response indicator *r,
imputation cells *z, imputed values %

Output: variance estimator V' of firgpr @
~ (g

1: UniformDistr(p)— s, e 7: Compute ©

22 MPLRD(*y(?) — y(@ . 5@

3: MPLRD(*1@)) — r(9) 8: Compute g(q) )

4 MPI_RD(*2(®)) — z(9) 9 Compute}f) (ArHDI)
5. MPI RD(*Y(q)) Y(q) 10: MPI_SR(V ! E/:L)FHDI))
6: Computey a) 11: V = QQ y (fruDI)

In lines 1 to 5 of Algorithm 8, we read distributed raw
data y(?), response indicator r(9), imputation cells z(?, and

imputed values Y(q) from the hard drive, respectively. In
D

line 6, one can determine sample means §9 ¢ REX @

among the respondents in different imputation groups by

(Q) = E E Z 6zlyzl

l=s g=1 ZGSgl
where S, € N is the index set of the units in imputation
cell g. And 1y is the number of observed units in cell g
of y;. However, if it has multiple donors, one may not
determine an imputation group for a missing unit (ie.,
0 = 0). UP-FHDI uses conditional probability to determine
the imputation cells for missing units. Suppose a recipient

(28)

*(h1)
zZi = (zi mi€7zi,obs) has two donors (zi,mis7zi70b3) and
*x(h . ey .1 ~
(z; (mfg,zz obs). Given conditional probablhty T(Zimis =
#(hy) S *(ha
Gomis | Ziobs) and 7(Zimis = 2; mls | ziobs) of donors,
one can determine a imputation cell for Zimis DY
oA #(h1)
®  Zimis € Sg1 if (Zi,mis zi,mis | zi,obs) >
N _ _x(h2)
(Zz mis — Z1 mis I Zi obs)~
*(hl)
L4 Zi,mis € Sgg if (zv mis — i,mis | zi,obs) <
_ *(ha)
(zz mis Zl mis I Z;, obs)
*(h1)
o Zimis € Sg, or Sy, if T(2imis = Z; mis | Ziobs) =
_ x(h2)
(zz mis — Z1 mis I Zi,obs)~

8

Note that conditional probabilities can be obtained from the
EM algorithm in the estimation of cell probability. In line 7,

compute 6" € R"" o1

= iéﬁu

l=s i1=1
= E E { gl + (1 — 04y + Gt Ny — ygl)}
l=si=1 Tgl
(29)
where 4 € 79 and ¥, is defined in Eq. (19). Compute
8 e R by
0 -y ZGM (30)

l=s
In line 9, the variance estimator V(,u FHD 1)(‘1) € R%T on

slave processor ¢ is given by
€ 1 n
3 (@(") 9<q>>
i=1

Viirrpr) @ = 1
— | n(n—1)

(D)

€ RP on the master processor

Vv,

and we integrate V(ﬂFHDI)
in lines 10 and 11 such that SFE is computed by SE =

5 VALIDATION

This section conducts Monte Carlo (MC) simulations, a
comparison between Jackknife and linearized variance
estimation, and a performance comparison of UP-FHDI
against baseline imputations (naive method and an
advanced machine learning-based method) with large
synthetic and real-world datasets. We provide a step-by-step
illustration in APPENDIX I on how to use UP-FHDI.

5.1

Let U(n,p,n) denote a finite population with n instances
and p variables issued by 7 missing rate in proportion.
Unless otherwise stated, missingness under MCAR is
created by the Bernoulli distribution as d;; ~ Ber(7) where
7 is the probability of response. Let B be the MC simulation
size. MC simulations follow steps:

Monte Carlo simulations versus UP-FHDI

(MC1) Generate synthetic data by
Y1 =14+ €1
Yo =2+ per+ V1= pter 32)
Ys=Y1 +e3
Yy =—1+0.5Y; +eq.
where ej,ez,e4 are randomly generated by the
standard normal distribution. The term ez is
randomly generated by the gamma distribution.
Thus, 1 = 1, e = 2, us = 2, and puy = 0.
(MC2) Create 30% missingness to the synthetic data.
(MC3) Perform imputation of UP-FHDI with random
donor selection.
(MC4) Perform Jackknife variance estimation.
(MC5) Repeat steps (MC1) to (MC4) over B times.

The relative bias (RB) of the standard error of the imputed
point estimator (i.e., mean estimator) Yy g pr is defined as
E(SE) - SE(Yrupr)

RB = —
SE(Yrupr)

; (33)
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where SE is the square root of the variance estimator
V(Yrupr) and SE(Ypupr) is the square root of the
sampling variance of the mean estimator Yryp;.

__ 18
E(SE) = EZ V(YFHDI)(b)7
b=1

where ‘7(171: HD 1)(b) is the variance estimator from the bth
MC sample.

(34)

B
SE(Yrupr) = L Z (?;I?ID] - ?FHDI)2a

B (35)

where }7152 pr is the imputed point estimator from the bth

MC sample and Y pypr is given by
B 3-(b)
— " .Y,
YFHDI _ bel FHDI . (36)

We present MC simulation resultsBof UP-FHDI without SIS
in Table 1. Likewise, MC results using SIS are shown in
Table 2. The mean estimates Y pgp; from MC simulations
have negligible differences with true column mean y, and
thus good accuracy of the UP-FHDI imputation is affirmed.
Average RB in Tables 1 and 2 are 1.96% and 2.87% (less
than 5 percent), validating the Jackknife variance estimator.

5.2 Linearized variance estimation vs Jackknife

In Fig. 3, we investigate whether the linearized variance
estimator is an accurate substitute for the Jackknife variance
estimator. Absolute difference of standard errors (ADSE) is
defined as A .

ADSE — 1 iADl _ }i SELine/agl - SEJack,l

P P34 SE jack,

Where/z\ﬁlDl is the absolute giiference betwee&\ @Linear,l
and SE gk, Note that SErineqry and SE jqck, are
the standard errors of the mean estimator of
using linearization techniques and the Jackknife method,
respectively. Remarkably, ADSE between Jackknife and
linearization gradually converges to an acceptable datum
as datasets become larger. Meanwhile, we confirm an
alignment between linearized and the Jackknife variance
estimators with a minor ADSE in Table 3 with an ultra
dataset. Overall, the linearized variance estimator is a
good alternative to the Jackknife variance estimator for
ultra data (e.g., » > 20,000). It should be noted that the
linearized variance estimation may not be recommended
for a small-sized data curing due to substantial difference
from the Jackknife (see large ADSE in the left range
of Fig. 3). Although the Jackknife is recommended for
small to medium-sized datasets, APPENDIX II affirms a
significant advancement in the computational efficiency of
the linearization techniques.

. (37)

5.3 Baseline imputations versus UP-FHDI with large
synthetic and real-world datasets

Next, we validate the performance and accuracy of UP-
FHDI with large real-world and ultra synthetic datasets.
Table 4 presents the adopted incomplete datasets, which are
publicly accessible in IEEE DataPort [45]. Some variables
in real-world datasets have significantly skewed data
distributions, as shown in APPENDIX III. For generating

9

TABLE 1: MC results of UP-FHDI with the Jackknife method
based on 1800 simulation runs. Input data is U(1000, 4, 0.3)
and no variable reduction is applied

Y1 Y2 Y3 Y4
E(S/‘E) 0.0350 0.0367 0.0497  0.0519
SE(T/FHDI) 0.0356  0.0373 0.0516  0.0523
RB (%) -1.64 -1.62 -3.74 -0.85
Yrupr 1.002 1.999 2.001 0.001
true p 1 2 2 0

synthetic data, Eq. (38) is used until we obtain total p
variables:
v — 1+e; if i=0|imod8=0

Y;'_l—i-ei 1fzmod8§éO

Yipi=Yi+2+pxe +V1-p?ei

Yieo =Yip1 +eigo

Yiiz=—-14+Y;+025Y;,2 + €;13.
where p = 0.5 and e;, €41, €43 are randomly generated
by the normal distribution with a user-defined standard
deviation (SD), and the term e; ;s is randomly generated
by the gamma distribution. We create 30% missingness to
all datasets by different missing mechanisms: MCAR and
missing not at random (MNAR). Although missingness is
generated by MCAR for simplicity, UP-FHDI should hold
for response models based on MAR. Table 4 summarises
resultant synthetic data and adopted real-world datasets
to compare the performance of UP-FHDI and baseline
imputation methods, including naive imputation and
the recently proposed Generative Adversarial Imputation
Network (GAIN). The naive imputation adopts a simple
mean estimator computed using observed values. GAIN
is a GAN-based framework that employs an imputer
network to handle the missing data [19]. Experiments show
that GAIN outperforms many state-of-the-art imputation
techniques, and the summary of key theories of GAIN
is presented in APPENDIX IV. This study adopts the
default settings to build the GAIN model. Considering the
stochastic nature of GAIN, we conduct ten experiments
for each dataset and average the performance measures.
Let the average standard error of the mean estimator be
SE=1/pYF | SE, and RMSE is given by

i1 2oim1 (Wi — Gar)?

nxp ’
where y;; and §;; are normalized units of original data and
imputed values by Min-Max normalization, respectively.
Using large real-world datasets (Earthquake, Bridge Strain,
Travel Time, and CT Slices), UP-FHDI performs well
comparable to GAIN regarding RMSE results. Note that
the default-setting GAIN aborted when it was applied to
Swarm, p53, and Radar (the last three rows in Table 5).
It appears that GAIN may require specific extensions for
large/ultra data curing. Tables 5 and 6 show that UP-FHDI
consistently outperforms naive imputation with smaller SE
and RMSE using large real-world and ultra synthetic
datasets, respectively. Similar performance of UP-FHDI
under MNAR assumption can be found in APPENDIX V.

(38)

RMSE = (39)
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TABLE 2: MC results of UP-FHDI with the Jackknife
method based on 2000 simulation runs. Input data is
U(1000,24,0.3) and four selected variables are used

10

TABLE 5: Comparison of SE and RMSE between UP-
FHDI, naive imputation, and GAIN with incomplete real-
world datasets under MCAR

Y1 Y2 Y3 Y24
E(SE) 00367 0.0386 0.0525 0.0547
SE(Ypupr) 00354 00372 0.0511 0.0534
RB (%) 382 381 268 2.50
Yrupi 1.001 2000 2001 ... -0.002
true p 1 2 2 .. 0
20%
16% +
W 12%
%]
]
< 8%+
4% +
0% : ! | | :
0 4 8 12 16 20 24

Number of instances [fhousands]

Fig. 3: Impact of the number of instances on ADSE defined
in Eq. (37) with datasets U(n, 24,0.3): 24 variables and 30%
missing rate by varying n. SIS uses four selected variables.

TABLE 3: ADSE between the Jackknife and linearized
variance estimators. Input data is U(10, 000, 0.1M, 0.3) and
SIS uses four selected variables

Methods Y1 Y2 Y3 Y4 o ADSE
SEjaer 00096 00164 00189 0.0178
SEincar 00097 0.0166 0.0193 0.0181

AD 0.99% 117% 1.79% 1.73% 1.41%

TABLE 4: Summary of adopted incomplete synthetic and
real-world datasets U (instances, variables, missing rate)

Dataset Dimension Source
Synthetic 1 U(100, 80,0.3) Eq. (38)
Synthetic2  U(10000, 0.1M,0.3) Eq. (38)
Synthetic 3 U(0.1M,10000,0.3) Eq. (38)
Earthquake U(901512,15,0.3) USGS [46]

Bridge Strain U(492641, 31,0.3) InTrans [47]
Travel Time U(23772,50,0.3) IEEE DataPort
CT Slices U(53500, 380, 0.3) UCI [48]
Swarm U(24016, 2400, 0.3) ucI
p53 U(31159, 5408, 0.3) UCl
Radar U(325834, 175, 0.3) UCI

6 COST ANALYSIS AND SCALABILITY

The cost model is important since it gives audiences an
insight into the computational performance of UP-FHDIL
Given constant time for a unit operation, one can build a
cost model based on the total number of unit operations
in computation and communication. Let o be the basic

Dataset Method Var. est SIS SE RMSE
Naive X X 0.0094 0.0445

Earthquake GAIN X X X 0.0469
UP-FHDI  Linearization X 0.0088 0.0287

Naive X X 0.0724 0.0896

Bridge Strain GAIN X X X 0.0869
UP-FHDI  Linearization X 0.0676 0.0341

Naive X X 0.3902 0.0164

Travel Time GAIN . < x x 0.0122
UP-FHDI  Linearization 4 0.3788 0.0136

UP-FHDI Jackknife 4 0.3405 0.0136

Naive X X 0.0016 0.1319

CT Slices GAIN ) X X X 0.2271
UP-FHDI  Linearization 90  0.0015 0.0696

UP-FHDI Jackknife 90  0.0015 0.0696

Naive X X 2.1644 0.0851

Swarm UP-FHDI  Linearization 50 2.1312 0.0539
UP-FHDI Jackknife 50  2.0593 0.0539

Naive X X 0.0076 0.0224

p53 UP-FHDI  Linearization 15  0.0073  0.0173
UP-FHDI Jackknife 15 0.0073 0.0173

Naive X X 2.6030 0.0557

Radar UP-FHDI  Linearization 35 2.4442 0.0291
UP-FHDI Jackknife 35  2.3476 0.0291

TABLE 6: Comparison of SE and RMSE between UP-
FHDI and naive imputation with ultra incomplete datasets
U(10000,0.1M,0.3) by varying SD used in synthetic data
generation. SIS uses four selected variables

SD | Method SE RMSE | Method SE RMSE
3 0.052 0.078 0.062 0.084
5 | UP-FHDI 0.084 0.081 Naive  0.100 0.091
8 0.134 0.083 0.160 0.096

computational cost per unit. Although there exist intra-node
and inter-node communication transfer costs, let 3 be the
overall communication transfer cost per unit for simplicity
and £ be the communication startup cost. Likewise, 10
communication can be approximated by a startup cost
and a unit transfer cost in the same way as inter-node
communication. IO communication transfer cost can be
classified as contiguous (denoted as 7;) and non-contiguous
types (denoted as <2). Contiguous IO makes a single IO
request and allows access to a contiguous chunk of data
at a time, whereas non-contiguous IO must be accessed
by making separate function calls to access each individual
contiguous piece iteratively, and thus v2 > 7, [49]. Let £;
and Lo be the associated startup cost for contiguous and
non-contiguous 10, respectively. Typically, Lo > L£;. Let
s = max(n,p) and thus total running time 7'(Q) with Q
available processors can be expressed by

TQ G +5e (40)
where o = O(s*)a + O(s2)y, and B = O(L;). By

substituting Eq. (40), the scalability of quc(fgg) is given by
T(Q) o + Q)
T(Q) o +Q°8"
where ¢, € NT. See detailed inference of Egs. (40)
and (41) in APPENDIX VI. Figs. 4 and 5 study UP-

FHDI scaling performance by varying (). Overall, UP-

=cp (41)
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FHDI yields favorable scalability that agrees with the
cost models of speedup and running time. Due to the
inevitable use of non-contiguous 10, UP-FHDI does not
exhibit the ideal linear speedup. Table 7 presents the
execution time of UP-FHDI stages for curing extremely big
data. Remarkably, UP-FHDI has no limitations to cure an
incomplete dataset U(1M/, 10000, 0.3) in a volume of 80 GB,
although Stampede2 has the maximum run time limit (48
hours).

12
—+Linear Speedup

10T %-u[10000,0.1M, 0.3)
o 51 U[0.1M, 10000, 0.3)
o
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o}
w44

2 1 v-'/.‘
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Number of cores

Fig. 4: Speedup of UP-FHDI with input datasets
U(10000,0.1M,0.3) and U(0.1M, 10000, 0.3). Note that we
adopt 4 selected variables for SIS.
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Fig. 5. Running time of UP-FHDI with input datasets
U (10000, 0.1M,0.3) and U(0.1M,10000, 0.3). Note that we
adopt 4 selected variables for SIS.

TABLE 7: Execution time of UP-FHDI stages with extremely
big datasets. We adopt SIS with 8 selected variables
for U(0.5M,10000,0.3) and 14 selected variables for
U(1M,10000,0.3). Stage numbers i ~ iv represent cell
construction, estimation of cell probability, imputation, and
variance estimation, respectively. Note that all execution
time is measured in hours

Datasets Q i ii iii v T(Q)
U(0.5M,10000,0.3) 192 10.13 0.01 0.18 1.64 11.96
U(1M, 10000, 0.3) 240 2847 0.04 027 542 3420
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7 IMPACT OF UP-FHDI ON DEEP LEARNING

The impact of FHDI on the subsequent ML has been
extensively discussed in [3] with datasets of moderate
size. Following a similar methodology, we investigate the
impact of UP-FHDI on deep learning with ultra incomplete
datasets. We segment the investigation as the following
procedures:

(i) Generate an ultra synthetic dataset U(n,p) and p
variables are indexed by {0,1,...,p — 1}. Split
U(n,p) as disjoint Uy (0.7n, p) and U2(0.3n, p) such
that U1 U U2 =U.

(ii) Perform the two-staged feature selection on U(n, p)
regarding the target variable indexed by p — 1, and
thus obtain a list of important features v € N”. Note
that the target variable is guaranteed to be included
inw.

(iii) Create 30% missingness to U;(0.7n,p) and cure
it with either of imputation methods to derive
imputed values Uy (0.7, p).

(iv) Extract important features from U;(0.7n,p),

U, (0.7n, p), and Us(0.3n, p) regarding v such that
we will have training datasets U;(0.7n,v) and
U, (0.7n,v), and a test dataset U (0.3n, v).

(v) Build deep learning models with training datasets
U;(0.7n,v) and Uy(0.7n,v), respectively. Test
different predictive models on the same U3(0.3n, v)

and compute nRM SE by
0.3n (/A 9
i= Yi,cured — Yi 0.3n
nRMSE:\/Z 1 {Giurea —:)7/03m} - )

3 Goors — 9)2/0.30)
where y; is the ith unit of the target variable
in U(0.3n,v). And i curea and ¢;or; are the
predictions of y; based on U;(0.7n,v) and
U;(0.7n, v), respectively.

For deep learning predictions, this study adopts the R
package h2o0 [50]. We enable the ReLU activation function
and four hidden layers, and twenty neurons in each layer
for the implementation.

As a complement to the above investigation, the two-
staged feature selection is presented as follows. Ultrahigh
dimensional data (e.g., p > 10,000) may pose challenges
to the direct use of existing ML methods. Feature selection
has been proven to be effective in removing redundant
features to improve subsequent learning performance [51].
Generally, feature selection techniques can be classified
into three groups: (i) wrapper methods [52], [53], (ii) filter
methods [54], [55], and (iii) embedded methods [56], [30].
To investigate the impact of UP-FHDI on deep learning,
we need to have a subset of v features such that v < p.
This paper proposes a two-staged feature selection method
that leverages the mutual information (shrink the large-
sized to the medium-sized features) and then graphical
LASSO (shrink the medium-sized to a final subset of v
features). Firstly, we develop a parallel filter method based
on mutual information (MI) to reduce to vy (e.g., up to 100)
features. The MI provides a measure of how much useful
information is conveyed to the target variable by including
a predictor. Hence, including features with high MI will help
to boost prediction accuracy. Consider y; = {yo,...,yp—2}
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as predictors and y,_1 as the target variable. Let yYI) be
the distributed predictors of size p{?) on the slave processor
q. Let z{? be discrete values of y\”. Denote MI of the
dlstrlbuted predictors as M T (@), Key steps of the MI-based
parallel filter method are:

(MI1) Discretize yg-q) to z(lq) by categories G using the
estimated sample quantiles. Similarly, discrete v,
to 2,1 by the category G,_1.

Compute M I by:

pP—1 ( G, Gp-1 (g, k)
(@) — o e
MIO = 3 (3 3 plo.b)los oo

=0 g=1 k=1
(43)
where G; € G'9, p(g) and p(k) are marginal
probability, and p(g, k) is joint probability.
Aggregate M1 (@ on the master processor by
I=09'MI9, (44)
Select vy features with top MI with respect to M I.

(MI2)

(MI3)

(MI4)

Secondly, we build graphical models based on the inverse
covariance matrix (denoted as X7') to further reduce vy
features to a final small-sized subset of v features. The
inverse covariance matrix, commonly referred to as the
precision matrix displays information about the partial
correlations of variables. The zero element of X' implies
the conditional independence of two variables given the
rest. The sparsity pattern of the precision matrix X~

reflects the graphical structure as a consequence of the
Hammersley-Clifford theorem [57]. We use R 1package
glasso [58] to estimate a sparse precision matrix 3™~ using a
lasso (L1) penalty (see [59] for details about graphical lasso).
Assume N multivariate normal observations of dimension
p such that X; ~ N,(p,X) wherei =1,...,N and p and
3 are unknown mean and covariance matrlx Let® = X!
be a precision matrix. The estimation of © follows steps:

(1) Let W = S + pI be the estimate of ¥ and p is a
regularization parameter. Express W and S by

Wi w2 511 S12 (45)
waz |’ 512 )

w{z 522
The diagonal entries of W remain unchanged
throughout the following steps.
(2) Forj=1,...,p,solve the lasso problem by

B = mm{ HWl/2 —bH2+P||5H1}~

where b = W, 12

Wi .
(3) Continue until the convergence of W.

W =

(46)

512. Fill in the W using wis =

Without inverting the estimated W, the graphical lasso
algorithm enables the estimation of ® in a computationally
efficient way. Expanding the relation WO = I by

Wi wig) (O 612\ _ (I 0 “7)
w1T2 w22 9?2 922 o OT 1/’
010 = — Wi w1900 8)
922 = ]./ (w22 — w%éWﬂlwlz) .
Since B = Wﬁlwlg, it follows that
012 = —B022
(49)

Oy = 1/ (’w22 — w2T2B> .

12

Since we compute B by solving Eq. (46), the f12 has
many zeros and thus estimated ® becomes sparse. One
can gradually increase p to make ® more sparse until we
obtain v selected features connected to the target variable, as
shown in Fig. 6. Regarding memory usage and speedup, the
parallel MI is linearly scalable with ultra data. It considers
relationships between predictors and the target. By contrast,
the glasso package is not directly applicable to ultra data
but takes relationships among the medium-sized set of
variables into consideration. We illustrate using the parallel
MI program and glasso package in APPENDIX VII and VIII,
respectively.

@759 2721 hd
8306 @ 1231

9097 ® 8207
(9999) Icrgei 79 5080
9994 8311 f
1099 ?
4005 9996 2103

®ag 8206 2003
9993 9992 2100 °
8309 8310 5534 2004
1252 ® 6350
3157 3354 7858
5798 ® 2332 ® 5532
3153 .\:543 ha' ° 2060089
3152
3330
g 3159 s @ 0@ 2331 ®
1544 8619 ® ® 4349
5756 ¢ K & 1
L @ L J ® 5096 7875
®
240 383 #° & gy @
[ ] ®121 1914 7720

Fig. 6: Part of the graphical network model generated by
graphical lasso for p = 0.6 based on U(0.1M, 100), which
is extracted from raw data U(0.1M,10000) by parallel MI.
Note that node (9999) in the left top corner is the target
variable while nodes 9992-9998 are its important features.

After the two-staged feature selection, this study follows
the proposed investigation procedures with synthetic
datasets U(0.1M, 10000) generated by Eq. (38). The formula
indicates that seven variables are closely connected to the
target variable. This fact is well captured by the two-
staged feature selection. In particular, the final graphical
model of seven important features (nodes indexed by 9992-
9998) connected to the target variable (node indexed by
9999) is visualized as a network in Fig. 6. The validity of
the two-staged feature selection is confirmed. Lastly, we
investigate the impact of different imputation methods on
deep learning predictions in terms of the normalized RMSE
nRMSE (see Table 8). In essence, nRM SE being closer to
1 means that an imputation method does not disturb (or
negatively impact) the prediction performance. Given Eq.
(38), we prepared three ultra datasets by varying underlying
SD used in the synthetic data generation. Throughout
all three ultra datasets, Table 8 shows that UP-FHDI
positively impacts deep learning performance compared to
the naive method. The difference between UP-FHDI and
naive imputation may not be significant due to the simple
structure of the adopted synthetic data.

8 FUTURE RESEARCH

There is room to improve UP-FHDI'’s scalability due to non-
contiguous IO communication between nodes and the hard
drive disk. An optimal workflow shall upgrade the parallel
file system for more efficient IO communication. By new
theories, the adopted Euclidean distance-based KNN shall
be improved to embrace fully categorical datasets.
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TABLE 8: The impact of naive imputation and UP-FHDI on
the subsequent deep learning performance. An increasing
standard deviation (SD) is used for different datasets

SD 3 12 16
Methods  Naive UP-FHDI Naive UP-FHDI Naive UP-FHDI
RMSE 2.239 2.154 7.526 7.422 9.647 9.438
nRMSE  1.053 1.013 1.021 1.006 1.026 1.004

9 CONCLUSION

In a new era of big data and powerful computing, there is
a strong need for a big data-oriented imputation paradigm
for data-driven scientific discovery. By inheriting all existing
functionalities of the general-purpose, assumption-free
data-curing tool P-FHDI, this paper proposed the ultra data-
oriented P-FHDI (UP-FHDI). We document the full details
of UP-FHDI with respect to the adopted parallel file system,
ultra data-oriented parallelisms, parallel linearization
techniques, and impacts on the subsequent deep learning.
The Monte Carlo simulations and comparative studies
against baseline imputation methods affirm the validity of
UP-FHDI, and analytical cost models exhibit its promising
scaling performance. This program enables big incomplete
data imputation and efficient parallel variance estimation,
and ultimately improves the subsequent deep learning with
the cured big data. We share all the developed codes,
examples, and documents in [60].
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Appendix to Ultra Data-Oriented Parallel Fractional
Hot-Deck Imputation with Efficient Linearized
Variance Estimation

APPENDIX I: Detailed Explanations and Examples of UP-FHDI

The HPC environment used in this paper is Stampede2 [1], one of the Texas Advanced Computing Center’s (TACC) flagship
supercomputers. Stampede2 hosts 4200 Knights Landing (KNL) nodes and 1736 Skylake (SKX) nodes. Each KNL and SKX
nodes include 96GB and 192GB of memory, respectively. Stampede2 mounts three shared Lustre file systems available from all
nodes. Meanwhile, we tested UP-FHDI on Condo 2017 [2] of lowa State University to confirm its compatibility. As long as the
Intel modules 15.0.2 — 19.4 are available, users can deploy the developed program for missing data curing. All the developed
codes, examples, and documents are shared with associated GPL-2 in [3]. We provide full details of running UP-FHDI in the
following subsections.

A. Preparation of input files

Generally, the program must start with the initial setups (summarized in Table 1), raw missing data y, and response indicator
matrix r. We will give full explanations of each parameter in the initial setups hereafter. Users can either enable P-FHDI for big-
n and big-p data or UP-FHDI for ultra data by adjusting i_option_ultra. For the convenience of users, the program provides
various alternatives to read data efficiently. For example, P-FHDI has two options to import data. If ¢_option_read_data = 1,
P-FHDI will read y, r, and the rest of the setups from separate TXT files. Otherwise, P-FHDI imports all required inputs
from a single TXT file for ease of use. Likewise, UP-FHDI provides two approaches to import data: MPI 1O for binary
files and POSIX IO for TXT files. If i_option_read_data = 1, UP-FHDI will read y from two binary files in opposite
data distribution by MPI IO to minimize non-contiguous reading. The data distributions in ’daty_column_binary.bin” and
“daty_row_binary.bin” must be column-oriented and row-oriented, respectively. Matrix r and initial setups will be read
from another binary file and a TXT file separately. Note that the data distributions in “datr_column_binary.bin” must be
column-oriented. Otherwise, UP-FHDI will read y, r, and the rest of the setups by POSIX IO from separate TXT files.
i_option_read_data = 1 is strongly preferred for UP-FHDI if data is ultra-large since MPI 1O is much faster and scalable
rather than POSIX IO. i_option_read_data = 0 is designed to test UP-FHDI with easy-to-use examples. The maximum data
volume imported by POSIX IO is strictly restricted by the available memory of the master processor. Overall, users shall pay
extra attention to an appropriate choice of I0 method based on their purpose.

i_option_per form has four options for P-FHDI: the options of 1 or 4 perform all stages of P-FHDI using automatic or
user-defined imputation cells, respectively. Note that i_user_defined_datz = 1 is mandatory if users enable P-FHDI with
user-defined imputation cells. Users can individually perform cell construction or estimation of cell probability by options 2
or 3 for specific needs. However, UP-FHDI only supports i_option_per form = 1 and thus all stages of UP-FHDI will be
performed. i_option_imputation provides two options for P-FHDI, where 1 for FEFI and 2 for FHDI. In contrast, UP-FHDI
only allows FHDI with the default option 2. Moreover, users can skip variance estimation by setting i_option_variance = 0.
Otherwise, the program performs variance estimation as the default. :_option_merge controls the C++ standard random number
generator. A choice of 0 is desired if users intend to reproduce the results for validation. Otherwise, we enable randomness
in cell collapsing, k-nearest neighbors (KNN), and donor selection. i_donor defines the total number of donors used in the
imputation process. [4] recommends five as the default number of donors after detailed case studies. i_option_collapsing > 0
activates the sure independent screening (SIS) to reduce all variables to a user-defined number of selected variables. Otherwise,
no variable reduction is adopted with i_option_collapsing = 0. i_option_S1S_type provides different methods for SIS and is
meaningful only if i_option_collapsing > 0. i_option_cellmake = 1 enables the cell collapsing to generate artificial donors
in cell construction. Alternatively, the default ¢_option_cellmake = 2 performs KNN to determine deficient donors. Options
1 and 2 for i_option_var_type run the Jackknife and linearized variance estimation, respectively. Note that this option is
meaningful only if ¢_option_variance = 1 and P-FHDI merely allows the Jackknife variance estimation.

The following parameters are designed to reduce memory usage. We suggest users adjust these parameters accordingly for
different ultra datasets if more efficient memory usage is desired. top_correlation defines the number of top-ranking variables
used for the extraction of selected variables in SIS. An optimal top_correlation is the least value that guarantees extraction
of i_option_collapsing selected variables. memory defines available memory per MPI task. The default value of 8 is suitable
for 24 tasks per SKX node on Stampede2. If UP-FHDI runs out of memory, try to request fewer tasks per node to give each
task more memory. Here is an example of initial settings:
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i_option_read_data
i_option_ultra
i_option_perform
nrow

ncol
i_option_imputation
i_option_variance
i_option_merge
i_donor
i_user_defined_datz
i_option_collapsing
i_option_SIS_type
top_correlation
i_option_cellmake
i_option_var_type
memory

o o
)
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[«
[«
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Except for initial setups in Table 1, users must provide additional information about variable categories, variable types, and
instance sampling weights. The variable categories define the number of categories of all variables created in imputation cells.
The maximum value of a category is 35 and [4] suggests categories of each variable between 30 and 35 after detailed case
studies. In practice, a large category is not always substantially beneficial, but computations increase monotonically. Hence,
starting with a small number of categories is reasonable. For example, users can define three categories for all variables by:

category
3 3 3 3

Moreover, UP-FHDI allows reserving non-collapsible categorical variables in the cell construction process by setting

NonCollapsible_categorical
1 0 0 0

The first variable is strictly considered non-collapsible categorical, and the rest of the variables are considered continuous or
collapsible categorical. As a result, UP-FHDI will skip the categorization for the first variable. Lastly, users should provide
sampling weights for all instances by

weight

— = e

B. Compiling of UP-FHDI
This study uses the default version of the Intel compiler (i.e., Intel/18.0.2) on Stampede2. To compile UP-FHDI, run the
command:

mpicxx —-o main MPI main_ MPI.cpp

where -0 *x* represents the name of an executable exact file and "main_MPTI.cpp” is the actual file name of the main function
of UP-FHDI. Slurm is the adopted cluster job management system on Stampede2 for job scheduling. Submitting a job script
to Slurm is a standard method to run an MPI program on a high-performance computing (HPC) system. This method allows
users not to connect while the job is pending or executing. One can submit a job script into the queue by issuing:
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TABLE 1: Summary of options for the initial settings.

e i_option_ultra (default: 1):
0: Perform P-FHDI 1: Perform UP-FHDI

e i_option_read_data (default: 1):
0: If i_option_ultra = 1, UP-FHDI reads raw data from “daty.txt”, the response indicator matrix from “datr.tat”,
and the rest of the settings from “input.txt”, separately. If i_option_ultra = 0, P-FHDI reads all inputs from “input.txt”
1: If i_option_ultra = 1, UP-FHDI reads raw data from “daty_column_binary.bin” and "daty_row_binary.bin”,
the response indicator matrix from “datr_column_binary.bin”, and the rest of the settings from “input.txt”, separately.
If i_option_ultra = 0, P-FHDI reads raw data from “daty.txt”, the response indicator matrix from “datr.txt”, and
the rest of the settings from “input.tat”, separately

e i_option_per form (default: 1):
1: Perform all stages using the automatic z 2: Perform cell construction only
3: Perform estimation of cell probability only  4: Perform all stages using a user-defined z

e nrow: The number of instances in y

e ncol: The number of variables in y

e i_option_imputation (default: 2):
1: Perform FEFI 2: Perform FHDI

e i_option_variance (default: 1):
0: Skip variance estimation 1: Perform variance estimation

e i_option_merge (default: 0):
0: Turn on the fixed seed 1: Turn on the standard random seed generator

e i_donor (default: 5):
Adopt a user-defined integer as the number of donors used to fill in each missing item

e i_user_defined_datz (default: 0):
0: Adopt the automatic z matrix 1: Adopt a user-defined z matrix

e i_option_collapsing (default: 4):
Activate the sure independent screening by a user-defined number of selected variables

e i_option_SI1S_type (default: 3):

Sure independent screening with 1: an intersection of simple correlations; 2: a union of simple correlations;

3: a global ranking of simple correlations

top_correlation (default: 1000):

Number of top-ranking variables based on simple correlations to be used for the extraction of selected variables in SIS

e i_option_cellmake (default: 2):

1: Adopt the cell collapsing method 2: Adopt the k-nearest neighbor method
e i_option_var_type (default: 2):

1: Adopt the Jackknife variance estimation 2: Adopt the linearized variance estimation
e memory (default: 8):

Available memory in gigabyte per MPI task

sbatch run.sbatch

where “run. sbatch” is the actual name of a job script with its expansion. [5] provides various example job scripts for MPI
jobs in the different Slurm partitions, and an example script for UP-FHDI is shown below:

#!/bin/bash

#SBATCH —-J UP-FHDI
#SBATCH -o UP-FHDI.o%]
#SBATCH -e UP-FHDI.e%]
#SBATCH -p skx-normal
#SBATCH -N 1

#SBATCH —-n 24

Job name

Name of the output file
Name of the error file
Queue (partition) name
Total number of nodes
Total number of MPI tasks
#SBATCH -t 00:30:00 Maximum run time (hh:mm:ss)
module load ooops Load OOOPS
set_io_param_batch $SLURM_JOBID 0 high # Set configurations of OOOPS
module load intel/18.0.2 # Load the Intel compiler
ibrun ./main_MPI # Launch MPI code

S e R S S S 3

The above example describes the most common sbatch command options. The first line of a job script must specify the
interpreter that will parse non-Slurm commands by issuing #!/bin/bash. Users can use #SBATCH directives to request
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computing resources, and these directives should precede all shell commands. Slurm writes all console outputs to the file
“UP-FHDI.o%3j” and error messages to the file "UP-FHDI.e%j”, where %7 is the numerical job ID. The directive ”—p”
specifies the used Slurm partition for your job. The currently available queues on Stampede2 are described in [5]. Users can
reserve computing resources by specifying the requested number of nodes, the number of MPI tasks per node, and the maximum
run time. An appropriate request of necessary computing resources is of importance rather than requesting as many resources as
possible since the scheduler will have an easier time finding a slot for your job. Users can deploy OOOPS to avoid overloading
the shared file system. The directive "set_io_param_bacth” sets the configurations of OOOPS. ”$SLURM_JOBID” is
the submitted job ID and the use of ”0” represents the SSCRATCH file system. OOOPS provides four options to throttle the
frequency of IO activities: unlimit, high, medium, and low from the least to the most. Moreover, one can dynamically
change throttling by running the command set_io_param without interrupting users’ applications. Finally, load the Intel
compiler and launch a single application by ibrun.

C. Explanation of output files

Considering an incomplete dataset U(n, p,7), let )s and 72g be the number of unique missing patterns and unique observed
patterns in the imputation cells, respectively. We have n,; + ng ~ n if the dataset is high-dimensional. Let M be the number
of selected donors. UP-FHDI generates output files summarized in Table 2 that cover all results in the R package FHDI.
Note that the total size of output files is estimated in the worst scenario. If UP-FHDI does not successfully converge in a
maximum run time, it will provide an additional debug.tzt file for possible reasons and the suggested solutions.

TABLE 2: Descriptions of output files of UP-FHDI.

Output files Description Size (bytes)  Total
datz_binary.bin Imputation cells n

uox_binary.bin Unique observed patterns PRR

mox_binary.bin Unique missing patterns PR

fmat_FHDI _binary.bin  Imputed values pnM
final_daty_binary.bin Final complete data pn

summary.txt Mean and variance estimates 20p pn(M + 3)

D. Example datasets for UP-FHDI
Table 4 in the manuscript provides three synthetic datasets and seven real-world datasets, which are publicly accessible in
IEEE DataPort [6]. Synthetic 1 is an easy-to-use example to study different IO methods (i.e., POSIX IO for TXT files and

MPI IO for binary files). Synthetic 2 and 3 are ultra incomplete data to test the strength of UP-FHDI. In particular, users can
test the use of OOOPS with Synthetic 3.

APPENDIX II: Computational Advancement of Linearization Techniques

As an extension to Section 5.2 of the manuscript, Table 3 shows that parallel linearization is much faster than the parallel
Jackknife method with various real-world datasets under different missing mechanisms. Therefore, a significant computational
advancement of linearization techniques against the Jackknife method is affirmed.

TABLE 3: Comparison of execution time between UP-FHDI with linearization techniques and Jackknife method. All real-world
datasets have 30% of missingness under MCAR and MNAR. Execution time is measured in seconds.

Mechanism Method Swarm  CT Slices pS3 Radar  Travel Time
MCAR Parallel linearization 385 T 852 5462 87
Parallel Jackknife 10763 31829 15611 16834 5149
MNAR Parallel linearization 376 693 898 5141 88
Parallel Jackknife 10278 30819 13335 16378 4779

APPENDIX III: Data Distributions of Example Real-World Datasets

Table 4 in the manuscript provides ten incomplete datasets to validate the proposed method. Synthetic datasets are generated
by normal and gamma distributions. This section exhibits data distributions of three adopted real-world datasets (Bridge Strain,
Swarm, and Earthquake). Figs. 13, 14, and 15 show that many variables in real-world datasets are significantly skewed.
Therefore, UP-FHDI is adequate to handle real-world datasets with significantly skewed data distributions.
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. 13: Density plots of the first fifteen variables of Bridge Strain.
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14: Density plots of the first fifteen variables of Swarm.
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APPENDIX IV: Summary of Methodologies of GAN-Based Imputation Methods

The Generative Adversarial Imputation Nets (GAIN) was proposed by [7] to accurately impute missing data. See [7] for
details about GAIN. GAIN is composed of the generator () and the discriminator (D) with a hint vector H. Considering a
d-dimensional space, let X =
observed parts X of the data vector X. The hint vector H ensures G to learn the true data distribution, accurately impute
missing data, and output a completed data vector X. The D takes X as input and attempts to distinguish between observed
components X and imputed components X. Considering M = D(X H), the GAIN objective function can be expressed by

(X,

min max E {E(M, ﬁ)
G D

[

,X4) be a data vector with missing values. Let M be the mask vector that indicates

(1L 1)
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Fig. 15: Density plots of the first fifteen variables of Earthquake.

where the loss function £(a,b): {0,1}% x [0,1]? — R is defined by

d

L(a,b) = Z [a;log(b;) + (1 — a;) log(1 — b;)] (I11.2)

Let B = (By,...,Bg) € {0,1}¢ be a random variable. Suppose that the lowercase entity is always a sample of the
corresponding uppercase entity, e.g., b is a sample of B. The key steps of the GAIN algorithm to solve the minimax optimization
problem in Eq. (III.1) are summarized as follows:

(1) Optimize D with a fixed G using mini-batches of size kp. D is trained to minimize the sum of the discriminator loss
L D by

kp
mli)nZED(m(j),rﬁ(j),b(j)) (IIL3)

where m(j) = D(X(j), m(j)).
(2) Optimize G using the updated D in step (1) with mini-batches of size kg. G is trained to minimize the weighted sum
of two losses by

kg
min Y Le (m(7), m(j), b(7) + aLar(X(7),X(7) (I1.4)

where L and £ are the loss applied to the missing components and observed components, respectively. The entity
is a hyper-parameter.

(3) Iterate steps (1) and (2) until training loss is converged.

GAIN was validated with various real-world missing data, and results show that GAIN outperforms many state-of-art imputation
techniques.

A GAN-based framework (named MisGAN) was proposed by [8] to learn complex and high-dimensional data distribution
from incomplete data. See [8] for details about MisGAN. The framework equipped an adversarially trained imputer to offer
high-quality imputation. MisGAN is composed of three generator-discriminator (G, D) pairs: (G, Dy,,) for data vector x,
(Gy, D) for the masks m € {0,1}", and (G;, D;) for the imputer. Note that G, and G,,, are independent of each other with
their own noise distribution p. and p,, respectively. Let D = {(x;, m;)};=1,.. n be an incomplete dataset with a distribution
pp and z be the noise. Define F,,, F,,, and F; such that D, D,,, and D; are all 1-Lipschitz. To train an imputer-equipped
MisGAN, the data generating process and the imputer will be optimized by three objective functions. The (G;, D;) for the
imputer will be optimized by the objective function:

min max £;(D;, G;, G,) (IIL.5)
G; D;eF;
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where the imputer loss is:
Li(D;, G, Gy) = Bpnp, [Di(G2(2))] — Exe,m)mpp wpn, [PDi(Gi(X, m, w))] (I1L.6)

Note that w is a random vector drawn from a noise distribution p,,. The (G, D) for data can be optimized by the objective
function:

i ‘CI D:mG:me E?, DiaGi’Gx III7

min max Lz )+ BLi( ) (IIL.7)

where 8 = 0.1 empirically and the data loss is:
L4(Da, G, Gr) = Eemympp [Da(fr (6, m)] = Eerp o, [Do(f(Gor(2), G (2)))] (I1L.8)
The masking operator f, fills in missing elements with a constant value 7 by:
fr(x,m) =x©Om+7m (1I1.9)
where m is the complement of m. The (G,,, D,,) for the masks will be optimized by the objective function:

rélin max L (D, Gm) + aLy(Dy, Gy Gm) (I11.10)

m Dm€Fm

where o = 0.2 empirically and the mask loss is:
Ly (D, Gim) = B m)~pp [Dm(m)] = Ecop, [Din (G (€))] (IIL.11)

MisGAN adopted convolutional networks for both generators and discriminators and was validated with three incomplete image
datasets. The Frechet Inception Distance (FID) was computed between imputed data and original fully-observed data as the
evaluation metric. The results show that MisGAN consistently outperforms baseline imputation techniques with smaller FIDs.

Our GAIN implementation is adapted from the codes released by the authors [9]. This study adopts the default settings to
build the GAIN model. Considering the stochastic nature of GAIN, we conduct ten experiments for each dataset and average
the performance measures. Thus, the number of iterations is adjusted for tolerable execution time. MisGAN was proved to
be powerful towards incomplete image datasets [8]. Yet, the extension of MisGAN to real-valued incomplete datasets has not
been discussed. Hence, this paper did not implement MisGAN for comparative studies.

APPENDIX V: Contrast between UP-FHDI and Baseline Imputation Methods under MNAR

As an extension to Section 5.3 of the manuscript, we provide a contrast between UP-FHDI and baseline imputation methods
with incomplete real-world datasets under missing not at random (MNAR). Note that we create 30% missingness to all
real-world datasets. The response indicator §;; under MNAR is generated from d;; ~ Ber((;) such that

logit (i = ¢o + P1ya (IV.1)

where ¢g and ¢ can be adjusted to control 30% missingness. Table 4 shows that UP-FHDI outperforms naive imputation with
smaller SE and RM SE. Using large real-world datasets (Earthquake, Bridge Strain, Travel Time, and CT Slices), UP-FHDI
performs well comparable to GAIN regarding RMSE results. Note that the default-setting GAIN aborted when it was applied
to Swarm, p53, and Radar (the last three rows in Table 4). It appears that GAIN may require specific extensions for large/ultra
data curing.

APPENDIX VI: Cost Analysis of UP-FHDI

As an extension to Section 6 of the manuscript, we provide a detailed inference about the cost models in Eqgs. (40) and (41).
Generally, we can derive the cost at four primary stages of UP-FHDI: () Cell construction (4i) Estimation of cell probability
(#4¢) Imputation, and (év) Variance estimation. For the convenience of readers, we recap important notations used in this
section as follows. A finite sampled population is denoted by Uf(instances, variables, missing rate) € R™*P with n instances,
p variables, and the associated missing rate 7. Let s = max(n,p) be the number of dimensions in the worst scenario. UP-
FHDI can activate SIS by setting the number of selected variables v # 0. Otherwise, UP-FHDI without variable reduction is
adopted. Let ¢ be a user-defined number of top-ranking variables used in SIS. Given () total available processors, let « be the
computational cost per element, 5 be the communication transfer cost per unit, and £ be its startup cost. Consider y; and s
as contiguous and non-contiguous IO communication transfer costs, respectively. Similarly, let £; and L5 be associated startup
cost for contiguous and non-contiguous IO, respectively. The total execution time 7' can be partitioned into the computational
time (denoted as C) and the communication time (denoted as ) such that

T=C+H (VL)

where C = C; + C;; + Ciys + Ciy, and H = H; + Hi + Hiii + Hiw, respectively. Note that the cost models only include
dominating terms in the worse cases and thus ignore trivial cost.
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TABLE 4: Comparison of SE and RM SE between UP-FHDI, naive imputation, and GAIN with incomplete real-world datasets
under MNAR. Note that SIS refers to the number of selected variables used in the sure independent screening.

Dataset Method Var. est SIS SE RMSE
Naive X X 0.0101 0.0543

Earthquake GAIN X X X 0.0719
UP-FHDI  Linearization X 0.0092 0.0388

Naive X X 0.0673 0.1028

Bridge Strain GAIN X X X 0.0916
UP-FHDI  Linearization X 0.0652 0.0335

Naive X X 0.4357 0.0104

Travel Time GAIN X X X 0.0115
UP-FHDI  Linearization 4 0.3943 0.0092

UP-FHDI Jackknife 4 0.3712 0.0092

Naive X X 0.0016 0.1409

CT Slices GAIN X X X 0.2289
UP-FHDI  Linearization 90 0.0015 0.0714

UP-FHDI Jackknife 90 0.0015 0.0714

Naive X X 2.3130 0.1281

Swarm UP-FHDI  Linearization 50 2.2482 0.0653
UP-FHDI Jackknife 50 2.1638 0.0653

Naive X X 0.0082 0.0294

p53 UP-FHDI  Linearization 15 0.0077  0.0212
UP-FHDI Jackknife 15  0.0079 0.0212

Naive X X 2.3089 0.0701

Radar UP-FHDI  Linearization 30 2.3104 0.0386
UP-FHDI Jackknife 30 2.3103 0.0386

(i) Cell construction: In Algorithm 2 for the categorization of imputation cells, the contiguous reading in line 2 and non-
contiguous writing in line 11 take the majority of the running time such that communication cost (denoted as ?—[51)) is
given by

&) np
M= W(Q’Yl +72) +(Q — 1)(2£1 + L2) (V1.2)
In Algorithm 3 for the extraction of imputation patterns, the contiguous reading in lines 2 and 4 and contiguous writing
in lines 8 and 9 (denoted as 7-[2(-2)) dominate the IO communication cost by

+1)n
Hz(‘g) = (CQQ_)lp% +3(Q - 1)Ly (V1.3)
The major computational cost in line 5 (denoted as Ci@)) is given by
2
Ci@) _ Q” -a (VL4)

In Algorithm 4 for the generation of the ranking list, this function will be skipped if v = 0. Otherwise, the computational
cost in line 6 (denoted as Ci(g)) dominates by

2 2
+pn
c® T VL5
g Q -1 ( )
And communication cost in lines 14 and 15 (denoted as ’HE?’)) is given by
t
HF¥=$%1ﬁ+%Q—1M (VL6)

In Algorithm 5 for the determination of donors, if v = 0, the primary computational cost in lines 7 and 8 (denoted as
Ci(4)) is

n’p

cW — VL7
i T o-1“ (VL)
Otherwise, the prime computational cost in lines 10 to 12 is

np’t +nv

@ _
o =0

(VL8)
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In Algorithm 6 to determine deficient donors, the cost will be trivial if v # 0. Otherwise, the major computational cost
in line 7 (denoted as Ci(5)) is

5 2n?

CZ_(a) _ Qn—pla (VL9)

By summing up the major cost in each parallel function of the cell construction, we have

sty if v =0
Ci = (t+2)5;t(11+”)52 o i v ;é 0 (VI]O)
and 542 )
b B g + (5@ 5L+ (Q - 1)L if =0 VL)
i 2 .
G g+ GEA Q5L+ (Q - DL+ (2Q L ifv#0

(i) Estimation of cell probability: The cost in this stage is negligible in 7" and thus it is unnecessary to present the cost
details.
(iii) Imputation: The computational cost in this stage is trivial. Considering the worst scenario with M donors for each
recipient, the primary IO communication cost in line 10 of Algorithm 7 is given by
npM
Hiii = ﬁ% +(Q — 1)L, (VL12)
(iv) Variance estimation: Likewise, the computational cost in this stage is trivial in 7. The major IO communication cost in
lines 2 to 5 of Algorithm 8 turns out to be

2np 2np
2Q-1)(Li+ L VI.13
Q—1%+Q—1%+(Q )L+ L2) (VL13)
By substituting C and H of each stage of UP-FHDI derived above, we can simplify total execution time 7'(Q)) in the worst
scenario as

Hiv =

T(Q) =Ci + Hi + Hiii + Hiv

o , (VL.14)
~ % 15Q
Q
where o' = O(s%)a 4+ O(s2)y, and 8 = O(Ls). By substituting Eq. (VL.14), the scalability of TT(éfc,)z) is expressed by
T ’ 2 ’
@ _ a +Q°B (VLI5)

T(e,Q 7" o +2QF

where ¢, € N*.

APPENDIX VII: Example of Parallel Filter Method Based on Mutual Information

This section provides instructions on running the parallel filter method based on mutual information (MI). An easy-to-use
example is available in [10]. This program requires two input files, including initial setups (summarized in Table 5) and a binary
dataset. ¢_col_target is the index of the target variable and indices of all variables are 1-indexed. i_selection represents the
total number of selected features. Noticeably, the data distribution in the binary dataset must be column-oriented. To compile
the program on the Stampede2 using the default Intel compiler, run the command:

mpicxx —-o main_MPI main_MPI.cpp

Afterward, submit a job script into the queue by issuing:
sbatch run.sbatch

An example job script for parallel MI is shown below:

#!/bin/bash
#SBATCH -J P-MI # Job name

#SBATCH -p normal # Queue name

#SBATCH -N 1 # Total number of nodes
#SBATCH -n 6 # Total number of MPI tasks
#SBATCH -t 00:30:00 # Max run time (hh:mm:ss)
module load intel/18.0.2 # Load the Intel compiler
ibrun ./main_MPI # Launch MPI code

The parallel MI has two output binary files summarized in Table 6.
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TABLE 5: Initial settings of parallel ML

e nrow: The number of instances of input data

e ncol: The number of variables of input data

e category: The number of categories for all variables
e i_col_target: The index of the target variable

e i_selection: The number of selected features

TABLE 6: Descriptions of output files of parallel MI.

Output files Description

selected_daty.txt  Selected features

selected_id.txt Indices of selected features

APPENDIX VIII: Example of Graphical Lasso

This section illustrates the use of graphical lasso by the R package glasso. The example aims to further extract important
features from selected features by parallel MI. Suppose we store selected features by parallel MI as a matrix in R (denoted as
selected_daty). Compute covariance matrix S by:

S <- cov(selected_daty)
and apply the glasso to estimate a sparse inverse covariance matrix P by:

a <- glasso (S, 0.6)
P <- a$wi

where the regularization parameter for graphical lasso is set to be 0.6. A larger value of the regularization parameter gives a
more spare model. Construct a graphic model g regarding the estimated precision matrix P by

A <- ifelse (P!=0 & row(P)!=col(P),1,0)

g <- network (A)

One can extract important features connected to the target variable in the graphic model g. A toy dataset and simple R code
are available in [10].
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