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1 Notation and Definitions

Sets are denoted with capital script letters.
Matrices are denoted with capital letters.
The entry of a matrix A at row ¢ and column j is denoted A;;

For an m x n matrix A the i-th row is denoted A;. and the j-th column is denoted A, .

1xn mx1

To eliminate parentheses, subscripts have precedence over all operators, e.g.,
Al = (A;)T, for an m x n matrix A.
——

nx1 nx1

Ao B is the elementwise product (Hadamard product) of A and B, i.e.,

(A 9) B)’LJ == AUBU

|A||F = /zi: ; A7, is the Frobenius norm of A.

Special ranges of indexing letters are reserved for distinguishing between users, items, words,
and latent factors:

Entity | Items | Factors | Users | Words
Indices | h,i,5 | p,q,r |u,v,w | x,y,2

Definitions

R denotes the user-item utility matrixz or simply the utility matrixz where

R User u’s rating of item i for observed ratings,
“ 0 for unknown ratings.

K = {(u,i) | Ry; is known}.
K. ={i| Ry is known }.
Assuming R is m x n, ) is an m X n matrix such that:

o, {1 if (u,i) € K

0 otherwise

2 MF Models

The basic idea behind matrix factorization models is that the information encoded for items
in the columns of the utility matrix, and for users in the rows of the utility matrix is not
exactly independent. Users and items should be related in some way that may be obscured
by the noisiness and sparsity of the data. That is, if we did happen to have ratings for all
the users and all the items in the dataset we should find either the rank of the utility matrix
was significantly lower, perhaps orders of magnitude, lower than either m or n, or else given



a singular value decomposition of the complete utility matrix, R = UXVT, by zeroing out
the k last diagonal entries of ¥ we are left with a close approximation of the original ratings
matrix.

] n

L
.V
P~ Discard the
Craen rows,
columns, and

eigenvallles for
a lowe rank

approximation

S

3 Latent Factors

Assume _ R  can be factored into two matrices, U and P'  sothat U P' ~ R .
~ ~— ~~ ~ ~—~
mxn mxk kxn mxk kxn mxn

One can imagine the eigenvalues contained in the matrix ¥ of the SVD of R as having been

arbitrarily absorbed into either U or PT or both. U,, is interpreted as user v’s level of

appreciation of the latent or hidden factor r. P;, is interpreted as item i’s level of possession
of latent factor r. U,. is called the user profile vector as it contains user v’s preferences
for the k latent factors. P;. is called the item profile vector as it contains item i’s level of

possession of latent factors. User-item interaction between user v and item ¢ is modeled by

U, PI.
M~
Ixk kx1
items factors
IRE 5 5 ol ol
sl 4 A > -5 8 5 items
2|a] |1]z2] |3] [4] 2 - S s L o R oo Bl ol b
bt 8 i 5 14 3 -1 14 29 7
Y o~ 11 21 3
Al = 4 21 |-4 |6 |17 ]24] 09 HETE
a| 3] 4| 2 21| -2
1 al [a 2 1 3 PT
R
A natural loss function for training this model is:
L(U, P) 1 (Ry — U PT)Q—1||Qo(1as—U1.DT)||2 (3.1)
y — 9 Vi v:d . - 9 F .
(v,i)ex

[4]

This model is often referred to in the literature as SVD.



To derive the gradients with respect to matrices U and PT we’ll use the gradient identities

derived in section 8.

By (8.17) we have that:

Yyl = VU%HQO(R—UPT)H%m - —2*%<QoQo(R—UPT)>P - —<Qo(R—UPT))P (3.2)

Notice that,

1
LW, P) = 5[[Qo (R=UPT} = Q7 o (BT = PUT)|[%.

1
2
So,

VpL = ("o (BT - PUT))U.

3.1 L, regularization

(3.3)

(3.4)

With so many parameters (k*m + k xn) this model may be prone to over fitting. Let A; be
a hyperparameter controlling the amount of regularization. A reasonable loss function for

this model with Ly regularization is:
1 1
Lo(U, P) = 5|90 (R=UPTE+ M (IUNE + [1PII7)
[4]
The gradients:
1 vz o, L 2 2
Vuly=Vu (5120 (R=UPIE+ MU+ I1PI3) =
1 1
VoLl + VU§/\1(HUH% + | P|%) = VoLl + §A1VUHU\|% = VL + MU.

By a similar derivation,

VPEQ — VP£ ‘|‘ )\1P
3.2 Baseline Predictors

From Koren and Bell. Advances in Collaborative Filtering [4]:

CF models try to capture the interactions between users and items that produce
the different rating values. However, much of the observed rating values are due
to effects associated with either users or items, independently of their interaction.
A principal example is that typical CF data exhibit large user and item biases
i.e., systematic tendencies for some users to give higher ratings than others, and
for some items to receive higher ratings than others. We will encapsulate those

4
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effects, which do not involve user-item interaction, within the baseline predictors
(also known as biases). Because these predictors tend to capture much of the
observed signal, it is vital to model them accurately. Such modeling enables
isolating the part of the signal that truly represents user-item interaction, and
subjecting it to more appropriate user preference models. Denote by u the overall
average rating. A baseline prediction for an unknown rating R,; is denoted by
b,; and accounts for the user and item effects:

The parameters a, and b; indicate the observed deviations of user u and item 1,

respectively, from the average.

Incorporating user and item biases into the MF model gives the a rating prediction of:

Rvi ~ W + ay, + bz + U’L)PzT
The corresponding loss function with Lo regularization is [4]:
1

£3 - 5 .
(vyi)ex

L3 can be written in matrix form in terms of the matrices }A%, U , and P where:

Py ... P,

U11 e Ulk aq 1 .

Ry=Ru—p, U=1|: . =+ =+ i, and PT=|p, Py
Ui Uk am 1 1 ... 1

by by,

1
> (B = (et ay+ b+ Un P)T) o+ oMU + 1P + af +87).

so that
R, ~UPT.

(3.9)

(3.10)

(3.11)

Since the parameter matrices have now been infiltrated by constants our gradient formula

doesn’t exactly work anymore. This can be resolved by defining masks, 2x, where:

if X;; is a constant,

otherwise.

0
QXij = {1

So the loss and associated gradients are now:
1 PPN 1 A .
Ly = lI20 (B=UPHIE+ s MIUIF + I1PII%)
Vils = —Qp 0 <(Q o (R—UPT)P+ A1(7>

5
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Koren and Bell report evaluating this model on the Netflix data with a learning rate of 0.005
and regularization weight of 0.02.

Koren and Bell remark that better results are obtained by tuning separate regularization
weights for each type of parameter (user bias, item bias, user profiles, and item profiles).
This can be written in matrix form in terms of two weight matrices:

Ao A A3 0 Ao ... A 0 N\
A= 0 0 s, and A= |0 0
Ao A A3 0 Ao ... A 0 N\
mx?l:+2) nXZl:+2)

where A is the regularization weight for user profiles, A2 is the regularization weight for user
bias, A3 is the regularization weight for item profiles, and A} is the regularization weight for
item bias. The loss function with separate regularization weights is now:

1 1
L4 = 3 Z (Rui — (4 ay + b + Uy P + 5(/\f|\Uv;||2 + A2 Psl® + A2a2 + \2b2) (3.15)
(v3)ek
1 A 1 . A
= 5li2e (R~ UPT)|%+ S([Aro Ull% + |Az 0 P|I) (3.16)
= ViLli=—(Qo(R—UP))P+AoAoU (3.17)
Vpli=—(Qo(R—UPT))P+ AyoAy0 P, (3.18)

Koren and Bell [4] also suggest that applying different learning rates for gradient descent on
the different types of parameters will improve prediction accuracy. A scheme for implement-
ing this training method is outlined in [? |.

4 SVD++ [4]

SVD++ incorporates implicit feedback into the MF model. For r sources of implicit feedback
and k latent factors, the prediction rule for SVD++ is:

_1 1 r _1 r
Ruw it ay+bi+ (U HN' @)Y o e W@ Y o )P ()
1k JENT(v) 1xk JENT(v) 1xk

Here N?(v) is the set of items for which user v has given implicit feedback of type p. For each
item j, y; is a row vector with an entry for each latent factor. Koren and Bell mention that
“a significant signal can be captured by accounting for which items users rate, regardless of



their rating value”. If we let R(v) be the set of items which a user has rated then an SVD++
prediction that incorporates the implicit feedback of which items a user rates is:

Ryt au+ bt (Ve + IR Y 3BT (42)
JER(v)

To express this prediction rule and associated loss function in matrix form define the matri-
ces:

v 00 R[> 0 0
Y=|: 1| C= L : m
hn 00 0 0 [R(m)|?
————
k+2

We now have the following equality:

R (ptau+bit (Ut ROIF 3 ) PT) = (B~( 0L + 0 J) PL)
JER(v) mxn mxk+2 mxm mxn nxk+2 k+2xn v
(4.3)

So the loss function without regularization is (to implement without bias replace all matrices
with tildes by their unadorned counterparts):

Ls= (i)%“ﬂ o (ﬁz — (U + CQY)PT) 12 = (ii)%HQ ° ((fz —cavpT) - UﬁT> % =

(iii)%HQT 0 ((PZT — P07 + Y/TQTCT)) 2 = (iv)%HQ 0 ((1% —UPT) - CQYPT) 2

(4.4)
From (8.17) and (ii):
VpLs = —Qp o ((Q o ((R — CQVPT) - UﬁT))ﬁ) (4.5)
From (8.17) and (ii):
Vipls = Qo (070 (RT = P(UT +¥7QTCT)) ) (U + cav)) (4.6)
From (8.1) and (iv):
VyLs = Q0 (Q7CT(Qo (R OPT) — CQVPT) ) P) (4.7)

5 Joint Factorization (JF) Models

Joint Factorization Models are another method used to incorporate data besides ratings
into a MF approach. The idea is to tie a matrix factorization involving ratings to another
factorization involving some other form of data. One source of such data which has been
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exploited using JF models is text associated with items. This sort of approach has been
shown to be successful at addressing the cold start problem (recommending new items which
haven’t been rated to users). Suppose document j is a collection of texts associated with
item j. The texts contain words from a dictionary of length v. Then Q,; = f(x,j) where f
may be defined in the following three ways:

1 if word x occurs in document j,

(i) f(z,j) :{

0 otherwise.
(ii) f(x,j) = the number of occurrences of word x in document j.

Now we can assume that words can be represented in a lower dimensional space than the
n-dimensional document space; the same space that user and item profiles belong to. So
now, we learn the item profile vectors of P and user profile vectors in the matrix U, as well
as word profile vectors in the matrix W.

5.1 Brian’s Model

items

|
R =

words documents

'
\"

items

b
R

W,, is now interpeted as word z’s association with latent factor . V,, = U, W] is then a
user word prediction (how much a user likes a certain word). The prediction function is

A new item may be recommended by appending its document term vector to . Also, the
refinements from any of the preceding models can be incorporated into this model without
much trouble. Let £, be the loss function from any of the models in previous sections
without regularization terms, JF, be the associated regularization terms, A be a parameter
determining weights on the factorizations, and \; be a weight controlling regularization of
W. We can add a word bias to the model by appending two columns to W so that:

(W ... W
- DT
Wi= 1wy, ... Wy

1 ... 1

_Cl Cn_



Below is the schema to incorporate any of the previous models into this JE model. (for
models incorporating bias, replace U, W, and P with U, W, and P and elementwise multiply
appropriate masks to gradient formulas). The loss and gradients:

1 . 1
L= §A\|Q o (R—UWTQ)|3%+ (1 =NL,+ Fp + §>\7HW||% (5.2)
Vuls = =Moo (R—UWTQ)Q™W + (A — 1)V L, + Vi F, (5.3)
VpLls = (A= 1)VpL, + VpF, (5.4)

Viwls = —AQ (QT o (R — QTWUT)>U EAW (5.5)

5.2 Eliminating () from the second factorization

To avoid a loss of information in learning the parameters contained in the W matrix we
can eliminate the mask €2 from the bottom factorization in the previous model by replacing
R with UPT in the bottom factorization and cancelling U on both sides of the equation.
An added bonus is that this model is more computationally efficient. The prediction rule
remains the same.

items items
T T
R = R =

words documents words documents

L w |
\"/
= !

items

words
words

-~
~

The loss and gradients:

. . 1
Ls = SAIPT = WTQIE + (1= NEy + F, + Sl W3 (5.6)
Vuls = (A— 1)VUEP + VuFy (5.7)

Vpls = -ANQTW — P) + (A — 1)VpL, + VpF, (5:8)
ViLs = —AQ(P — QTW) + AW (5.9)

5.3 Local Collective Embeddings

A different approach to incorporating the same information contained in text is the Local
Collective Embeddings model. The idea is that the dot product of a word profile vector
and item profile vector can predict how often or important a word is to a particular docu-
ment associated with an item. A decision rule for a new item 7 is to derive a item profile



from the least squares problem WP, =~ ();, and then use the standard prediction formula
R, = Uv;PiT. Once again the refinements from previous models can easily be incorporated.
The disadvantage to this model is that each time a new item is incorporated into the sys-
tem a least squares problem must be solved to find the new item profile, whereas in the
previous JF models it was only necessary to take the dot product of two vectors, a simpler

computation.
-

|

documents

Topic 1

Topic k

words

items

~
~

R

The associated loss function and gradients:

1 ~ 1
Lo =MQ=WPTf+ (1= NLp+ F, + SA | WIIE (5.10)
ViLly = (A= 1)VyL, + Vi F, (5.11)
VpLy = -NQT — PWHW + (A= 1)VpL, + VpF, (5.12)
VwLly=—-\Q — WPT)P + MW (5.13)

A more general discussion of JF approaches to Machine Learning can be found in “Relational
learning via collective matrix factorization” by Singh and Gordon (2008) [1].

6 Tensor Decomposition

7 Non-linearity
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8 General SVD Loss Gradient

Vx||Do(A£BXC)|% =42B"(DoDo(A+ BXC))CT

(8.1)

Proof. To show the identity we’ll find the expression for an arbitrary element of this gradient.

2 _
I oA+ B X I =

mxn mxn mXxXp pXq gXxXn

anlZZ (A £ Bi(XC)y)" =

i=1 j=1

00X

33 s (DA £ BXC),) -
i=1 j=1

En:D 0 (A £ B.(XC),)" =
X

+23)° (D2 (Ayj + B(XC), )6;“ i;(Xc)zj>=

=1 j=1

>

n

iQiZ(DQ Ayj £ By(XC);) 5 ZBZTZXW(JW)_
kl

i=1 j=1 =1
TV

see (8.15)

J/

n p q

= %,
izzz(zﬁ (Ayj + By XC):]-)ZB”ZGTMXMCUJ):

=1 j5=1 —1 =1
iQZZ(DQ (Aij £ B;. XC):j)Bika%Xlelj):

i=1 j=1 kl
izii(pz Ay + B XC):j)BikclJ:
2 1

—1 j—

iQZ

(Do D)i:o (A % BiXC) ) (CT)a =

(
M ( (Do D) AiBXC’))(CT):l -

+ 2(3 (DoDo (A% BXC’))CT>M

:>j:2£L£DoDo(A:I:BXC))J\CL:\VXHDO(AlLBXC)H%

-~

pxm mxn

~\~
nxq pXq
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(8.9)

(8.10)

(8.11)

(8.12)

(8.13)
(8.14)



XI:C] Zl XIUCU] ) .
X1.C; U=
Bz(XC)] = B;. 1 = B;. = Z B, ZerCvj (815)
: q r=1 v=1
XI:C:j ; XPUC'Uj

Notice that (1) has almost the same form as (119) from The Matriz Cookbook. [8]

0 0
(119) ST Tr[(AXB+C)(AXB +C)T]=2BT(AXB + C)C" = <[|C + AXB|;
(8.16)
So, probably there is some really nice way to derive (8.1) using (119). In any case there are
lots of useful identities we can derive from special cases of (8.1), including (119).

Vx|Do(A+XC)||%2=+2(DoDo(A+XC))CT (8.17)
Vx||[A+ XC|% = +2(A+ XC)CT (8.18)

Vx| XC|5 =2X00” (8.19)

Vx| X% =2X (8.20)
Vxl[AoX||%2=240A0X (8.21)
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Alternate proof of (2):

(2) VDo (A+BC)|z=+2(DoDo(A+BC)) CT

nxp

mxn

Proof. To show the identity we’ll find the expression for an arbitrary element of this gradient.

0 0 2 0 2
EHDO(/&BC)H% = 9B, Z ;(Dij(AijiBi:C:j» = Z ; @(Dij(AijiBi:O:j))

0 5 9
Z OB (Dij(Ags & BiCy))” =23 Dij(Ass + Bk:cﬁj)@ij(Akj + B;.Cy;) =

J

9 ) 0
QZD (Any=BiCy) 5 (Any B Cy _2ZD (Ay£BiC )( S At (9BMB]“CJ>:
QZDQ-(Ak-inC.-)< 0 Bk(J> iQZ(D (Ay; + BuCy)) ZBk )
- kj J EgY] aBkl - kj J 8Bkl P~PJ
)
iZZD AkJinC)aBlBklcU_ﬂ;D (Apj + BrCj)Cy =
i2<(D o D)y o (Ag + Bk:(])> (CT)y = +2 <D o Do (A+ BC))CT),,
= +2(Do Do (A+ BC))CT =Vg|Do (A+ BO)||%
O

9 TF-IDF

e rare terms are not less relevant than frequent terms (IDF assumption);

e multiple occurrences of a term in a document are not less relevant than single occur-
rences ( TF assumption);

e long documents are not preferred to short documents (normalization assumption).

In other words, terms that occur frequently in one document (TF =term-frequency), but
rarely in the rest of the corpus (IDF = inverse-document-frequency), are more likely to be
relevant to the topic of the document. In addition, normalizing the re- sulting weight vectors
prevent longer documents from having a better chance of retrieval. [9, p. 78]
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Let, t; be a key term in the corpus, d; a document in the corpus. Then let f;; be the
number of times a key term occurs in a document. Further, let (); be the set of key terms
in a document. Then,

TF (tg, dj) = ———
s

Let N be the number of documents in the corpus, and nj; be the number of documents in
the corpus where ¢, occurs at least once. Then,

N
IDF (ty,, k;) = log —

Ng
So,
; N
TF-IDF(t,d;) = TF % IDF = L log —
max f Ny
zel;

TEF-IDF weights, wy, ;, for term ¢, and document d; are usually normalized to fall in the
[0,1] interval using cosine normalization. Let ¢ be the total number of key term types (as
opposed to tokens) in the corpus.

TF-IDF (. d;)
VX, TFIDF(t,, d,)?

Wg,j =

[9, p. 78]
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