Algorithm 1 Alternative Minimization for DirtyIMC with Squared Loss

Input: feature matrix X, Y, parameters (Aps, Ay ) in objective (2), max iteration ¢,

t=0,M® 0, N® 0.

while Not converged and ¢ < t,,,4, do
Solve MUH) «— argming 3 ; sy co(XMYF — (R — NO)i) + A || M.
Solve N(*1 < arg miny PpeaNig — (R — XMEDYT) N2 + An || N
t—t+1

end while

return recovered matrix X MDY T + N®),

Appendix A: Solving DirtyIMC Objectives

To solve problem (2), we propose an alternative minimization scheme where at each step we fix one
of the variables (M or N) and solve for the other. For simplicity, here we focus on the case where
¢ is squared loss, which is also considered in our experiments. The algorithm is summarized in
Algorithm 1. As one variable is fixed, the subproblem reduces to either standard matrix completion
or IMC, which is easy to solve as discussed below. This algorithm can be viewed as applying a
block coordinate descent algorithm on convex (but non-smooth) function, and thus is guaranteed to
converge to global optimal using standard analysis (e.g. [15]).

We now briefly discuss how to solve two subproblems in Algorithm 1. First, when fixing NNV, the
subproblem becomes an IMC objective with observed matrix to be R — N. We then apply proximal
gradient descent to update M. Notice that in our setting, feature dimensions (d;, d2) are much
smaller than number of entities (n1,n2). Therefore, for small d, it is relatively inexpensive to
compute a full SVD for a d; x dy matrix in each proximal step.

On the other hand, when fixing M, the subproblem becomes standard matrix completion problem
for the residual matrix R — X MYT. We then apply active subspace selection algorithm (Active-
ALT) [17] to solve the matrix completion problem.

Another possibility is to consider the non-convex relaxation of problem (2) as:

. A A
i, > UXUTVY T WTH) i, i)+ S5 (W R+ IH )+ S5 (0 E+HIVIE), )
(i,5)e2

in which M, N is factorized to low rank matrices U € R%*k1 V' € R%*k1 and W € R™**2 H €
R"2%k2 A similar alternative minimization scheme, i.e. fix three variables and solve for the other,
can be applied to obtain a solution for U, V, W, H. Although problem (5) is equivalent to the convex
problem (2) if k1 > rank(M™) and ko > rank(N*) [34], it is not jointly convex for all variables.
So unlike Algorithm 1, using alternative minimization to solve (5) may not obtain the global opti-
mum. However, the analysis in [3] shows that the algorithm converges to stationary points if each
subproblem has a unique minimizer, which is indeed the case in (5) because of the regularizations.
Researchers found that such non-convex relaxation to be useful since it is easier to solve, and em-

pirically yields a competitive result compared to convex problem [22].

Finally, we notice that a recently proposed method “Boosted IMC” [33] could also be represented as
a special case of our alternative scheme for non-convex relaxation (5). The method could be viewed
as an one iteration heuristic of Algorithm 1 (i.e. ¢,,4, = 1), in which they first solve N (@) and then
solve M (D) using matrix factorization. Although this method is proposed as a heuristic for Blog
recommendation rather than an algorithm for solving a formal defined matrix completion objective,
it could also be interpreted as an algorithm that approximately solves our DirtyIMC model. We also
compare our DirtyIMC with Boosted IMC in Appendix C.

Appendix B: Proofs

Proof of Lemma 2

Proof. To begin with, we introduce a lemma to bound the Rademacher complexity for the function
class with bounded trace norm.
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Lemmad4. Let S, = {W € R"*" | ||W|. < W} and A = max; ||A;
then:

o, where each A; € R™"*",

m

EJ - 1t WA S 2AW
[ Vﬁ:gﬂ — Z oitrace(W A;)] —

log 2n

This Lemma is a special case of Theorem 1 in [20] with the fact that the dual norm of the matrix
2-norm is trace norm. Thus, by using Rademacher contraction principle (e.g. Lemma 5 in [27]),
R(Fo) can be written as:

m

N(Fo) < L(E, [sup e > oa(XMYT 4 N);, ;]

geo M "—
= L/E, [ sup O'aX My, }-l—L/E sup ooV, uua
121 <M m; N[ <A T 2 Z
1 m 1 m
= L/E, sup oqtrace(My;,, + LyE,| sup oqtrace(Ne;, )
oLy 2 catrce(Mys )] + LB [ sup O3 oatrace(Nes,ef, )
log 2d log 2
<2 (M <020 4y B2,
i m m
where the last equation is derived by applied Lemma 4.  Since max;; |ly;x7|2 =

max; ||y;||2 max; ||x;]|2, we derive an upper bound of R(Fe):

]
082d | op N
m

Eq[R(Fe)] < 2LiMXY ©)

log 2n

o
However, in some circumstances, the above bound (6) will become too loose for our sample com-
plexity analysis. As a result, we need to deal with these cases by introducing a tighter bound on
trace norm of residual (i.e. \). The following bound mainly follows the proof step in [32], which

provides a tighter bound on trace-norm regularized function class. To begin with, we can rewrite
R(Fo) as:

%(F@) O' sup 7200‘ Zav]a Ria,ja))]

fEFo a=1
=E, sup— Lil(f Rij)|,
sup Z j ]

(4,5)
where I' € R™*"2 with each entry I';; = >~ . o jamj Tar Now, using the same trick in [32], we

can divide I" based on the “hit-time” on entry (i, j) of 2, with some threshold p > 0 whose value
will be set later. Formally, let h;; = [{a : iq =i, jo = j}|, and let A, B € R™ *"2 be defined as:

i, ifhy;>p 0 if hij >p
Ai': K ij ) Bi‘: ) ij ' )
J {0, otherwise. J {Fi]-, otherwise. 7
By construction, I' = A + B Therefore, we can separate %(F@) as:
R(Fo) =E,| sup — ZAUZ Rij;)] + 5up — ZB,JE Rij)]. (®
fere (i) o i)

For the first term of (8), by the assumption [e(f(,7), z])| < B, it can be upper bounded by:

—IE Az S =
sz:) | .7 \/ﬁ
by using the Lemma 10 in [32]. Now consider the second term of (8). Again, by using Rademacher
contraction principle, it can be upper bounded by:

L

¢
—E, sup B;; f(1, ]
m fEF ozzj:) !
Ly T Ly
=—LE, sup Biix; My;| + —E, sup By NZ )
m [A[:HMH*gMZ / i) m N||NH <NZ i)

(4,4) (4,4)
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which is separated by feature-covered part and residual part. We first consider the residual part (i.e.
the second term of (9)). By applying Holder’s inequality, the second term of (9) is upper bounded
by:

22CL
Lo gy 1By, = 2, [ < Z2CEAVPWILE V),

M N||IN|. <N m

where the last inequality is derived by applying Lemma 11 in [32]. Now, for the first term of (9),
notice that we can upper bound this term by:

m

Ly
~E, oXI My;.,
oy 2 o, MY,

= L/E, atrace(My;_ x
‘ [HMS||u<MmZU race(My;. ., )]

log 2d
< 2LeMumax [ly;x] [|24/ 2
1,7 m

log 2d
— 2L MXY Ofn .

Therefore, putting back all above upper bound to (8), with p chosen to be mB/(2.2CLyN (\/n1 +
\/n2)), we can get another bound on R(Fg) by:

Eq [R(Fo)] <2L5MX)/\/ log 2d \/9CL58M. (10)

The Theorem thus follows by combining two bounds from (6) and (10). O

Proof of Lemma 3
We first need the following lemma to bound the largest singular value o, of feature matrix X (and
also oy of V) .

Lemma 5. Let X € R™*? be a feature matrix. Then there exists a constant C" (i.e. not a function

of n), such that:
oy > C'yX/n.

Proof. Let x; be normalized feature vectors that x; = H a forall7 = 1...n, sothat each x; lies on

the d dimensional unit sphere Sy = {%X € R? | ||| = 1}. From Lemma 21 of [14], for any 1 > 0,
the d dimensional unit sphere can be partitioned into N = (c/n)? equal volume cells (denoted as
P, ... Py) whose diameter is at most 7, where c is some constant. Therefore, if two unit vectors
x,y are in the same cell P;, since ||x — y|| < 7, the angle 6 between x and y will satisfy

0
- < sinfl(L) =sin~! ﬂ,
2 2||x|I 2
which leads the inner product of x and y to be:
o0 M2 Uk
T
=cosf=1-2 >1-2 =1-—.
X'y = cos sin (2) (2) 5

Thus, taking 7 = 1, we can partition the unit sphere into N = ¢ cells such that

1
xTy > 2 ifx,y € P,.

Now reconsider n normalized feature vectors X1, .. ., X,, each of which belongs to one of the cell
P;. By Pigeonhole Theorem, there exists one cell P* € {P;}}L, such that at least n/N vectors lie
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in P*. Consider any unit vector w in P*, then we have iiTw > % for all x; € P*. Therefore,

IXwlo > [ > (x]w)?

i:x, EP*
Z 2x2( x w)?2
ix; EP*
1
> Xy £ (5)?
= ( ) X/,
which concludes that
x> C"vX\/n
where C” = —_ is a constant with respect to 7. O

2V N

With Lemma 5, we can now prove the Lemma 3 as follows:

Proof. To begin with, we have:
X5 RY, 12 < | Xull2l|RII2[1Yo ll2 < w0y || BRIl
On the other hand, by the closed form solution of M, we have:
M| < || M]|od
= I X)X RY (YY) od
050y | Rl d

2 2 ’
acmgym

IN

g

where 04y, 0y, are the smallest singular value of X, Y, respectively. Also, by construction of
X, and Y, we have 0.y, > po, and oy, > vo,. Combining Lemma 5, we have:

i < IRl
Ml < 55—
wioo,
1R]|.d
C' /a2 22 XY’
where C” is a constant independent to n1,no. By the fact that ||R||. < R./ning, the lemma is
proved. O

Proof of Theorem 2

Proof. By the construction of feature space, we can rewrite X and Y as follows:

t—1 d t—1 d
X:ZuieiT—o—Zﬁie;F Y:ZVieZT—i-Z{qeiT, an
i=1 i=t i=1 i=t
where for each u;, ﬁiTuj = 0, Vj. Therefore, the trace norm of residual can be bounded by:

|R—XMYT|.=|OUTR+ RVVT —UUTRVVT].
<200TUsvT|, + |UsvVTVVT.,

k
< 3 Z O3,y
1=t
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where U, V are the second term of X and Y in (11). Moreover, we have o; = o(y/n) forall i > t.
To see this, suppose o, = Q(y/n) for any ¢ < p < k, then:

. Ot . g,
lim == > lim —Z >0,
n—oo n n— 00 n

leading a contradiction to the definition of ;. Therefore we can conclude:

k
N=|R-XMY"|. <3 i <3k x o(v/n) = o(\/n),

i=t

and the Theorem is thus proved by plugging the above bound to Corollary 1. O

Proof of Theorem 3

Proof. We prove the Theorem by showing that the trace norm of R — X MYT will be O((g(n) +
h(n))logn) in this scenario given that other dimensions (d and k) do not grow as a function of
n. First, note that in this scenario, we can denote X = U + AU and Y = V + AV, where
U C col(R),V C row(R) and AU, AV are g(n), h(n) column sparse respectively. The following

Lemma then bounds the trace norm of R — X MY in terms of AU and AV.

Lemma 6. Let AU, AV be defined as above. Then with high probability,

. k [k
|R—XMYT|, < clgl\/;mUTRu* + 2y WHRAVH* (12)

with some universal constants ¢, and cs.

Proof. Let AU = U134 VlT and AV = UyX, V2T be the reduced SVD of the perturbation matrix
AU, AV accordingly. Then we have:

|R— XMYT|, < |U,ULR+ RU,UY — U,UF RULUY .
< 2|U1U{ R\ + ||RU2UY ||«
=2|AUVE 2V AUT R, + || RAV (Vo253 2V AVT .. (13)
For the first term of (13), using Holder’s inequality, we can upper bound it by:
IAU|2[[ViZ12Vi 2| AUT Rl| = [|AU||2[|Z72 2| AUT R, (14)

which suggests that we need to bound the largest and smallest singular values of AU to bound (14).
Consider AU’ € R9(™*¥ to be the truncated AU where only non-zero rows in AU are left. The
spectrum of AU’ is same as AU. Moreover, its two norm can be bounded by:

AU ]|z < 61 E1ll2 < &1y kg(n),

where E, € RY (n)xk {5 the matrix with all entries are one. Also, using the result of [31], we can
guarantee that with high probability o, (AU’) > Q(1/g(n) — V/k), which suggests w.h.p.:

1 1 1

1277 = on(AD)2 - a,(AU’)2 < O(m)

Thus, combining the above two bounds, the first term of (13) can be upper bounded by:
k
ciéy| ——IIAUTR| .,
g(n)

with some universal constant ¢;. Similarly, the second term of (13) can be upper bounded by
282/ k/h(n)||RAV||.. The lemma is thus proved. O
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Therefore, given Lemma 6, we now need to bound ||[AUT R||, and ||RAV||.. We first focus on
bounding the term ||AUT R||.. By R = UV'T and the construction of U, V, we have:

IAUTR||. = [AUTUVT || < |GV
where G' € R¥*¥ with each entry in G; ~ £19(n)N(0,02). Thus, let Z = GVT, Z € R**", then
each entry Z;; ~ &1g(n) %2Xi’ where X7 is a chi-square distribution with degree of freedom k.

‘We next show that the trace norm of Z will be bounded in small enough order with high probabil-
ity. To begin with, the following Lemma is used as an exponentially decreasing bound on the tail
distribution of chi-square statistics.

Lemma 7 (Exponential Tail Bound of x3). Let X be a random variable which follows x3. Then for

any t > 1, we have:
—k( (t71)2+171)}
2

Pr(X >tk) < exp{

This Lemma is a corollary of Lemma 1 in [23]. Given this lemma, we can now derive the following
lemma to upper bound |[AUT R|,:

Lemma 8. Ler AUTR € RF*™ where AU and R are set as in Theorem 3. Then its trace norm can
be upper bounded by:

|IAUTR||, < C1k? g(n)vnlogn

with probability at least 1 — kn~ =

Proof. Since ||AUTR||. < ||Z|« where Z;; ~ Elg(n)";xi, by applying Lemma 7 with ¢ = log n,
we can guarantee that with probability at least 1 — nz:

o2

Thus, by applying union bound on each Z;;, with probability at least 1 — kn~ Eat
T o’
IATTR|l. < [|Z]. < &19(n) 7 Klogn|| E].,

where E € R**" is a rank-1 matrix with all entries are 1. We can thus conclude the Lemma by the
fact that | E||. = || E|l2 = Vnk. O

Similarly, by using the same proof steps, it could also be shown that |[RAV]. <
C2k*/2h(n)y/nlog n. Therefore, substituting above bounds back to Lemma 6, we obtain:

=|R —XMYTH

clgl,/ HAUTRH +C2g2,/ ||RAV|\

—O max (Vgn),Vh flogn)

and the proof is thus completed by pluggmg this result into Corollary 1. O

Appendix C: More Synthetic experiments for DirtyIMC

Experiment on random orthogonal model

Here we conduct an experiment based on random orthogonal model stated in Theorem 2. We create
a low rank matrix R = UZV where U, V' € R™"*20 are both random orthogonal matrix, and the
singular values to be U2 ; {an, alogn}, so there are 10 singular values have smaller growth rate
O(logn). Follow Theorem 2, we construct X,Y by replacing the bottom 10 singular vectors in
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Figure 3: A synthetic experiment where noise only corrupts the insignificant part of true latent
features (i.e. space spanned by smaller singular values). We see that in this case, given O(n) obser-
vations, DirtyIMC could still recover the underlying matrix using sufficiently informative features,
while matrix completion fails to recover as the error becomes unbounded with larger n. The result
supports guarantee provided in Theorem 2.

U and V' with bases orthogonal to U and V. We increase n from 250 to 3000, and for each n we
randomly sample m = 100n observations, apply our model and matrix completion to complete
the matrix, and evaluate the recovered matrix using relative error. From Theorem 2, our DirtyIMC
model should be able to approximately recover the matrix given 100n > o(n) observations, which
is indeed true as Figure 3 suggests. As a comparison, standard matrix completion fails to recover the
matrix with only O(n) observations as n increases. This result empirically supports our theoretical
analysis on the usefulness of noisy features.

Finer results for synthetic experiments in Section 5

Figure 4 and 5 show finer plots under each sparsity of observation p, and feature noise level py.

Comparisons between DirtyIMC and Boosted IMC

As we mentioned in Appendix A, a recently proposed method “Boosted IMC” [33] could be viewed
as a special case of our model, where their method is basically Algorithm 1 with ¢,,,, = 1, and
in each subproblem they replace the trace norm regularized objective with matrix factorization ob-
jective. Here we compare our DirtyIMC (Algorithm 1) with Boosted IMC on synthetic datasets
generated as same as Section 5 stated. We follow their implementation with rank of U, V, W, H are
all set to be 40. The result is shown in Figure 6.

We observe that though Boosted IMC has a similar trend to DirtyIMC, in general, DirtyIMC per-
forms better than Boosted IMC. However, Boosted IMC may be still good enough as an approxi-
mation of DirtyIMC in certain cases where efficiency is critical, since it only requires one iteration
update of M and N.

Appendix D: Details for applying DirtyIMC to semi-supervised clustering

Here we follow the discussion in Section 5 for semi-supervised clustering. Suppose we are given
m pairwise constraints describing similarity (or dissimilarity) of some pairs of items, then we can
construct the following pairwise similarity matrix S as:

g = 1, if ¢ and j are similar,
77710, ifiand j are dissimilar.
Obviously, S has many missing entries since only m < n? pairwise constraints are known. In

addition, ideally S should be a subset of observations sampled from UU”, where U € R™** with
each i-th column of U is an indicator vector of the i-th cluster. Therefore, one can try to recover

16



Sparsity (p,) = 0.01985 Sparsity (p,) = 0.048475 Sparsity (p,) = 0.095825

1 1 1 —1
» 0.8] + 0.8 » 0.8]
g g g
S 0.6 S 06| 208
2 2 2
& 04 504 2 0a
e ——SVDfeature| e ——SVDfeature| @™
—-—MC ——MC —MC
0.2 mc 0.2 mc 0.2 mMc
-o-DirtyIMC -&-DirtyIMC -e-DirtyIMC
0 [} o
0 02 eatulsnoise filel (p';o's ! o 2 eatulsnoise fsvel 1;,')” ! 0 2 eatulnoise el (p')o-s !
Sparsity (o) = 0.18047 Sparsity (p,) = 0.25965 Sparsity () = 03301
1 — 1 T 1
T ~~SVDfeature] " ~SVDfeature] ) //
. 0.8 . 0.8f[=MC o . 0.8r|~~MC
g g mMC g Mc
806 8 4.6/ |-o-DirtyMe S 0.6 |- DirtylMC
2 2 2
204 204 = 04
@™ ~—SVDfeature @™ R e E———
-—MC
0.2 mc 0.2 0.2
-o-DirtyIMC p W
0 0'2Featu‘|?é"noise ?é?lﬂ (p')o'a 1 0 u'zFealu‘r]é"noise ?é?lﬂ (p’)D‘a 1 0 l,'2Fex-nulr,z'eanoisz-z ?éeel (p')m3 1
Sparsity (p,) = 0.39413 Sparsity (p,) = 0.45422 Sparsity (p,) = 0.50245
1 1 1
——SVDfeature] ——SVDfeature] ——SVDfeature]
. 0.8f|=MC . 0.8f[~=MC . 0.8f|~=MC p
g mc 8 IMC L g IMC .
§ .6 o DirtyIMC S .6 o DirtylMC S 0.6 |©-DirtylMC
2 p 2 2 /
5 5 5
04 ,/ 04 ,/ 504 /
0.27/ 0.2 / 0.2
d L=
(] 0.2 0.2 02

2reatufénoise fevel (p‘)O'B Featufénoise feber (pf)o'8 Featufenoise fiSer (p,)"'a

Figure 4: Finer results for synthetic experiments where completion methods are applied under dif-
ferent feature quality with a fixed p;

(or complete) the matrix back with DirtyIMC objective, and the column space of recovered matrix,
spanned by its top-k eigenvectors, will (ideally) reveal the indicator vectors. Our detailed algorithm
is summarized in Algorithm 2.

One subtle yet critical issue in Algorithm 2 is to compute the top-k eigenvectors of recovered S
(denoted as R). Note that after solving DirtyIMC objective, we are only given the low rank expres-
sion of N* and M*. Compute R explicitly and then compute its leading eigenvectors is expensive
and not scalable. Therefore, we instead run subspace iteration on N* + ZM*Z7 to solve for top-k
eigenvectors efficiently. Also, since the resulting top-k eigenvectors are used for running k-means,
we do not need to obtain a very accurate eigenvectors in this case. Therefore, parameters associated
with precision (¢,,4, and €) could be set relatively loose for efficiency in practice.
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Figure 5: Finer results for synthetic experiments where completion methods are applied under dif-
ferent sparsity of observations with a fixed p
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Figure 6: Performance of DirtyIMC and Boosted IMC (an approximation of DirtyIMC model) on
synthetic datasets.

Algorithm 2 Semi-supervised clustering with DirtyIMC

Input: feature matrix 7, pairwise similarity matrix .S, number of clusters &, regularization pa-
rameters (Apz, Ay) in (2).
/I Solve DirtyIMC objective with Algorithm 1.
(]\4*7 N*) < arg minM,N Z(i,j)eS((Z‘]\/IZT + N)U — Sij)g + )‘MHMH* + )\N“NH*
/I Subspace iterations for finding top-k eigenvectors.
€ 1073, tas «— 10, 1
[U]M7 21\17 V]\[] — SVD(]\/I*)
initialize Uy <~ QR(ZU, k)
while ¢t < t,,,4. do

U(H—l) — QR(Z]V[*ZTU(t) + N*U(t), k)

t—t+1

if Uk(U(j,;)U(t-&-l)) < € then

break

end if
end while
idx < kmeans(Uy), k)
return idx
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