Deep Learning without Poor Local Minima
Appendix

A Proofs of lemmas and corollary in Sectiord2

We complete the proofs of the lemmas and corollary in Se@i@an

A.1 Proof of Lemmai1

Proof SinceL(W) = 1|Y(W, X) — Y||% = & vec(r)T vec(r),

Dvec(WE)‘C_(W) ( vec(r) E( )) ( vec(W,I') vec(r))
T ( vec(WT) vec( X Iq, VV1 W;;Jrlfdy) — DVeC(WI;T) Vec(YT))

—VeC r

)
()" (Duecqry Wi 1+ Wies1 @ (W -+ Wi X)) vee(WT) )
ec(r)” Wagr - Wig1 @ Wiy - Wi X)T) .
T
By setting (Dvec(wg)ﬁ(W)) =0forall k € {1, ..., H + 1}, we obtain the statement of Lemma

271 For the boundary cases (i.&,= H + 1 or k = 1), it can be seen from the second to
the third lines that we obtain the desired results with the definitidf, -- Wi, = I, (i.e.,
WH+1"'WH+2 £ Idy andWo~--W1 éldl)- O

A.2 Proof of Lemmal=2

Proof From the critical point condition with respectt%; (LemmaZ),
_ T T
0= (Dvec(WE)E(W)) = (WH+1 e WQ X X ) VEC(T) = VGC(XT’WH+1 e WQ),

which is true if and only ifXr W1 - - - Wo = 0. By expanding, 0 = XXTW{ICTC - XY TC.
By solving forWy,

=(cTo)y c'yxT(xx")'+ (1 - (cTc)y-cTo)L, 2)

for an arbitrary matrix’.. Due to the property of any generalized invergaang 2006 p. 41), we
have thaC(CTC)~CTC = C. Thus,

cwy =cCcto)y Ty xT(xx")y '+ -cctoy c"eyL=ccte)y ety xT(xxT)!

A.3 Proof of LemmaE3

Proof For thediagonal blocks: the entries of diagonal blocks are obtained simply using the result
of Lemmal_l as

_ T T
DVCC(WI;T) (DVCC(WE)L(W)) = (WH+1 e Wk-i-l ® (Wk—l e WIX)T) DVCC(WE) VQC(T).

Using the formula ofD,..(y 1) vec(r) computed in the proof of of Lemm&1 yields the desired
result.
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For the of-diagonalblockswith k = 2, ..., H:
Dvcc(WkT) [Dvoc(WlT)Z(W)]T
T T
= (Wig1 - W@ X)) Dyee(wrry vee(r) + (DveC(WkT)WHH o Wit ® XT) vec(r)

The first term above is reduced to the first term of the statement in the same way as the diagonal
blocks. For the second term,

T
(Dvec(wg)WHH Wy ® XT) vec(r)

T
((DVCC(WE)WHH,JWH o W2) ®XiT) Tij

‘Pnﬂs
NgE

i=1 j=1
m dy
T
= ((Ap)j. © By @ X{')" ri
i=1 j=1
m dy
= Z [(Ak)J 1 (B X X) (Ak)j,dk, (B;{ X Xl)} Tij
i=1j=1
T m dy
= [(Bk O Y Ti,j(Ak)j,lXi) (Bk ® D it 25l Ti,j(Ak)j,dei)} :
where Ay, = Wpgy1--- Wiy and By = Wjy_1---W5.  The third line follows the
fact that (WH-H,jWH cee WQ)T = VQC(WQT cee WEW%HJ) = (WH+1,j s Wk+1 ®
Wl WL Yvec(W[). In the last line, we have the desired result by rewriting

S S v (AR) X = X (r W - Wiga).oo

For the of-diagonalblockswith £k = H 4+ 1: The first term in the statement is obtained in the
same way as above (for the off-diagonal blocks Vit 2, ..., H). For the second term, notice that

vee(Wh 1) = [(Way)i, .. (WH+1)d ] where(Wp11);,. is thej-th row vector ofW 11

or the vector correspondlng to thieh output component Thatis, itis conveniently organized as the
blocks, each of which corresponds to each output component (or rather weveh(i8€’ ) instead

of vec(WW},) for this reason, among others). Also,

T
(Dvec(W§+l)WH+1 - Wa® XT) vee(r) =

T T
= (P ) ©X7) ria o S (P, o) 0 X7) iy |
where we also used the fact that

ZZ (( vee((Wir+)T.) O, ) ®X1T)T7"i»a‘ = i ((Dvec«wmoz.)@f) ®X1T)T7’at-

=1 j=1 =1
For each block entry =1, ..., d, in the above, similarly to the case bf= 2, ..., H,

Z ((DVec((WHH)T,.)CJ‘#) ® Xz‘T)T”vt = (BIE—H ® eri,t(AHH)j,tXi) :

1=

Here, we have the desired result by rewrithy” | 7 +(Ap+1);,1X; = X(rlg, ). = Xr. ;. O

A.4 Proof of Lemmal&2

Proof Note that a similarity transformation preserves the eigenvalues of a matrix. Fokeach
{2,...,H + 1}, we take a similarity transform o¥72L(W) (whose entries are organized as in
Lemmad3) as

T

_ T _
Dvec(WlT) (,Dvec(WlT)L(W)> Dvec(Wg) (DveC(WlT)’C(W))
—1g2p _ = T = T
Pk \ E(W)Pk - Dvec(Wf) <Dvec(Wg)£(W)> Dvec(W,?) (Dvec(WE)E(W))
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Here,P;, = [eH+1 e Pk] is the permutation matrix wheeg is thei-th element of the standard

basis (i.e., a column vector with 1 in thieh entry and 0 in every other entries), afil is any
arbitrarily matrix that make$’; to be a permutation matrix. Leét/;, be the principal submatrix of
Pl;1V2£(W)Pk that consists of the first four blocks appearing in the above equation. Then,

VZL(W) =0
=>Vke{2,...., H+1},M; =0
= Vk € {2’ ERRR H+ 1}7 R(Dvec(WE)(Dvec(WlT)E(W))T) < R(Dvec(WlT)(Dvec(WlT)Z(W))T)?
Here, the first implication follows the necessary condition with any principal submatrix and the sec-

ond implication follows the necessary condition with the Schur complerZénairiy 2006 theorem
1.20, p. 44).

Note thatR(M') C R(M) < (I — MM~ )M’ = 0 (Zhang 2006 p. 41). Thus, by plugging in
the formulas ofD. w1y (Dyecqw ) L(W)) andeeC(WlT)(Dvec(wlT)L(W))T that are derived in
Lemmad33, V2L(W) = 0 = Vk € {2,...,H + 1},

0= (1 —(CTCe(XXTHCTC® (XXT))—) (CT Ay ® BuW:1 X)

+ (1= (C"co(XXM)CETC o (XXT)) BE @ X] [Tayy @ (A1 - Loy ® (PAR)-a]

whereA, = Wiy Wy andBy = Wy_q - -- Wo. Here, we can replacg®” C @ (XXT))~
by ((CTC)~@(XXT)~1) (see Appendi&). Thus,/ — (CTC®(XXT))(CTC®(XXT)) can
be replaced byly, ® 1a,) — (CTC(CTC)~ @ 1a,) = (15, — CTC(CTC)™) ® I4,. Accordingly,
the first term is reduced to zero as

((Jd1 —cTecTo) ) @ Idy) (OTAk ® BkW1X) = ((Is, — CTC(CTC))CT A) ® BpWi X =0,
sinceCTC(CTC)~CT = CT (zhang 2006 p. 41). Thus, with the second term remained, the
condition is reduced to

Vke{2,..., H+1},Vte {1,...,d,}, (BFf —CTC(CTC)"Bf) @ X(rAg)., = 0.

This implies

Vke{2,...,H+1}, (R(BF) CR(CTC) or XrA,=0),
which concludes the proof for the positive semidefinite case. For the necessary condition of the
negative semidefinite case, we obtain the same condition since

VIL(W) = 0

S VEe{2,.. . H+1},M, <0

=Vk € {27 AR H+ 1}’ R(i'Dvec(WE)(DveC(WlT)Z(W))T) c R(ipvec(WiT)(Dvec(WlT)E(W))T)
=Vk € {2’ AR H+ 1}7 R(DVCC(W];T)(Dvcc(WlT)‘C_(W))T) c R(DVCC(WIT)(Dvcc(WlT)‘c_(W))T)

A.5 Proof of Corollary 25

Proof From the first condition in the statement of Lem#h3,

RWL - WE ) CRWE - WE Wiy - Wa)
= rank(W,[ - - W}, ) > rank(Wy - W, |) = rank(Wyyq - - - Wy) > rank(Wy_q - - Wa).

The first implication follows the fact that the rank of a product of matrices is at most the minimum
of the ranks of the matrices, and the fact that the column spaidé/of- - W, , is subspace of the

column space ofV --- W[ . 4
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A.6 Proof of LemmaE®

Proof Forthe(Xr = 0) condition: LetM ., be the principal submatrix as defined in the proof of
Lemmal-2 (the principal submatrix oPI}ilVQE(W)PHH that consists of the first four blocks of

it). Let By, = Wiy -+ Wa. Let F = By (1WA X XTWI' BT, . Using Lemm&&3for the blocks
corresponding t&V; andWy 1,

Moo — CTCo XXT (CT & XXT(ByW)T)+ E
HH1 = (0 @ By Wi XXT) + ET I, ® F
whereE = [Bf;,, ® Xr.1 ... B}, ®Xr. 4 ]. Then, by the necessary condition with the

Schur complemenZhang 2006 theorem 1.20, p. 44\ g1 = 0 implies

0=((Ia, ®Lay) — (Is, ® F)(Iq, ® F)")((C @ By W1 XX") + ET)
=0=(lg, ® Iy, — FF)(C® By Wi XX") + (I, ® Ia,, — FF~)E"
= (la, @ Lo, — FF)E"

IdH —FF~®1; 0 BH+1®(X7“.’1)T

i 0 IdH —FF~® 1L BH+1®(X’I’.7dy)T
i (IdH — FF_>BH+1 [029] (Xr.,l)T

|(Iay — FF7)Bpy1 ® (Xr.g,)"

where the second line follows the fact thidg, © F')~ can be replaced byf;, ® F'~) (see Appendix
B77). The third line follows the fact thatl — FF~)By1W1X = 0 becauséR (B 1 W1 X) =

R(BuiW1i XXTW{I' B]; . |) = R(F). In the fourth line, we expandefl and used the definition
of the Kronecker product. It implies

FF"Bygi1 =Bgy1 or Xr=0.

Here, if Xr = 0, we have obtained the statement of the lemma. Thus, from now on, we focus on the
case wherd"F~ By 1 = By1 andXr # 0to obtain the other conditio; (CTC)~CT = U,Uj.

Forthe(C(CTC)~C" = U,Uj,) condition: By using another necessary condition of a matrix being
positive semidefinite with the Schur complemenhéng 2006 theorem 1.20, p. 44Mpy1 = 0
implies that

(I, ® F) — (C ® By WiXX" + ET) (cTce xxT)" (C’T & XXT (BraaWh)" + E) =0 (3)

Since we can replad®?C ® XXT)~ by (CTC)~ @ (XXT)~! (see Appendi), the second
term in the left hand side is simplified as

(C®BuumXXT+ E") (€"C o xX")™ (C" & XX (BuysW1)" + E)

= ((C(CTC)’ ® BHHWl) + BT ((CTC)* ® (XXT)’I)) ((CT ® XXT(BHHWl)T) n E)
= (c(oy ") + BT ((0T0) @ (XXT) ) B

= (C(CTC)*CT ® F) n (TTXT(XXT)*XT ® BHH(CTC)’BHH) @)

In the third line, the crossed terms(G(CTC)— ® Bpi1 Wl) E and its transpose — are vanished

to 0 because of the following. From Lemn#al, (I;, ® (WH---WlX)T)Tvec(r) =0 &
Wy - Wi Xr = By Wi Xr = 0 at any critical point. Thus(C(C"C)” ® Bu41W1) E =
[C(CTC) Bl ® BupiWiXr.y ... C(CTC) Bf,, ® BupaWiXr.q,] = 0. The forth line
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follows
ET ((CTCY ® (XXT)*) E=

Bu41(CTC) "B, @ (r )" XT(XXT)"'Xr.y -+- Bg41(CTC) "B, ® (7-.,1)TXT(XXT)*1X7-.,dy

Bu(CTC)"Bh 1 ® (ra)"XT(XXT) "' Xr 1+ -Buy1(CTC) Bl ® (1,4, )" XT(XXT)" X1 a,
= TTXT(XXT)_1X’I‘®BH+1(CTC)_BH+1,

where the last line is due to the fact théat (r. ;)7 X7 (X XT)~1Xr., is a scalar and the fact that
(r.wl)TLT.ﬁl cee (r.rl)TLr.,dy
for any matrixL, r” Lr =

(T.ﬁdy)TL’l“.,1~ . '(T-,dy)TLT-,dy

From equation8 and@, Mg, = 0 =

(I, —-C(CTC)y"C"Y @ F) — (r"XT(XX") "' Xr ® Br41(CTC) " Biri1) = 0. (5)
In the following, we simplify equatioBil by first showing thaR (C') C R(X) and then simplifying
cero)y=-ct v TXT(XXT)"1Xr, FandBy 1 (CTC)~ By.1.
Shaving thatR(C) C R(X): Again, using Lemm&dwith k = H + 1,
0=ByWiXr e FW}, | = BpaWiXY"T & Wi, = F BygaWiXYT +(I-F F)L,
for any arbitrary matrixl.. Then,
C =Wy Brs
=YX"WIB}, \F Byy1+L"(I - FF )Bpy
=YX"W{ B}, \F By,

where the second equality follows the fact that we are conducting the case analysis with the case of
FF~Bpgy1 = Bpyi here. Using LemmEB with £ = 1,

0=XrWyy1---Woes W, =(CTO)"CTYXT(XXT)"' 4 (I - (CTC)~CTO)L,
for any arbitrary matrix_. Pugging this formula ofi; into the above,

C=YX"(CTC)"CTYXT(XXT)"' + (I - (CTC)~CTC)L)" By, F~ By
=XC(CTC) By F By

where the second line follows Lemré@& with k = H + 1 (i.e., CTC(CTC)~ B}, = B}11).
Thus, we have the desired resi(C) C R(X).

Simplifying C(CTC)~C": Remember thap is the rank ofC. To simplify the notation, we rear-
range the entries ab andU such that the eigenvalues and eigenvectors selected by the index set

I, comes first. Thatisl/ = [Uz, U_IE] andA = Agﬁ AOI whereU_z, consists of all
4D

the eigenvectors that are not containedin, and accordingly\z, (resp.A_z,) consists of all the
eigenvalues that correspond (resp. do not correspond) to the indEx SihceR (C) C R(X), we
can writeC in the following form: for some index sé;, C = [Uz,,0]G1, where0 € Rdv>(d1-P)
andG; € GLg4, (R) (ady x d; invertible matrix) (notice thad; > p > p by their definitions). Then,

(CTC)” = (G][Uz,,0]"[Uz,,0]G1)” = (G?f [{f g} Gl)

Note that the set of all generalized inversefC = GT H)ﬁ g} (G, is as follows Zhang 2006
p. 41):
it |l Dnfgor | L1, Ly, L3 arbitrary
1 L2 L3 1 1,42, L3 .
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Thus, for any arbitrary.,, L, and L3,
_ o [I; L] - I, L] [UT
ccrey-ct =oay! {L’; Lj GyTeT = Uz, 0] {LZ; Lj { Ip] = U, U

Simplifying r " X7 (X XT) 1 X7

rTXT(XXT) Xy = (O X - VX (xXT) ' x(xXT(owy)t —yT)
=cwi xxXT(ew)' —cw xy?T —yxT(cw)T +%
= PoXPo— PcX —YPo + %
=¥ - UpAg, U}

wherePc = C(CTC)~C" = Uz, U7 and the last line follows the facts:

Az, 0 1[I
PcYPo = Ug, UL UNU UL, U7 = Uz, [I; 0] [ 7 Az} {(ﬂ Uz, = Ug, AL, U7,

PcY = UIpUIﬁUAU = U_’[p [Iﬁ 0] Op Az U_; = UIIEAIEUI;;;

and similarly, > P- = Ugﬁ Az, Uz,.

Simplifying F: In the proof of Lemm&&2, by using Lemma1 with £ = 1, we obtained that
Wy = (CTC)"CTYXT(XXT)~t + (I - (CTC)~CTC)L. Also, from Lemm&&3, we have that
Xr = 0or By (CTC)=CTC = (CTC(CTC)"B}1)" = Busa. If Xr = 0, we got the
statement of the lemma, and so we consider the cagg;of, (CTC)~CTC = By,. Therefore,

By Wi =By (CTO)~CcTyxT(xxT)~1.
SinceF = By (1 Wi XXTWIBY .,
F =By (CTC)y-C"s0(CTC)" By

From LemmaZa with k = H + 1, R(B},,) € R(CTC) = R(Bf Wi 1 Wh41Br11)
R(B}; 1), Which implies thatR(B},,) = R(CTC). Therefore,R(C(CTC)~B},,)
R(C(CTC)™) = R(C) € R(X). Accordingly, we can write it in the form((CTC)~ B}, | =
[Uz,,0]G2, where0 € R *(41=P) andG; € GLq, (R) (we can write it in the form ofUz ,, 0]G5
for someZ; because of the inclusio R(X) andZ; = Z; because of the equality R(C)).
Thus,

N

T

_ AT

I; 0 I; 0 Az O
} UAU'[Uz;, 01G2 = Gy {6) 0] A {5 0} Ga= G2 [ 0 0] G
Simplifying By1(CTC)~ Byy1: From LemmaZ3, CTC(CTC)~Byy1 = By (again since
we are done ifXr = 0). Thus,By4+1(CTC)"Bry1 = By (CTC)~CTC(CTC)"BE . As

discussed above, we wri@&(C*'C)~ B}, ,, = [Uz,,0]G>. Thus,

T _ T U%i T Iﬁ 0
BH+1(C C) BH+1:G2 Op [UIﬁ’O]GQZGQ 0 0 GQ.

Puttingresults together: We use the simplified formulaget®” C)~CT, r T XT(XXT)"1 X1, F
andBg1(CTC)~ By in equatiorB, obtaining

(s, = Uz,Uz) ® G3 [Ag” g} G2) — ((E ~UpAz, Uy ) © G ﬁf 8] Gz) = 0.

Due to Sylvester's law of inertiazhang 2006 theorem 1.5, p. 27), with a nonsingular matrix
U ® G5 (itis nonsingular because eachléfandG; ! is nonsingular), the necessary condition is
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reduced to

T
(vecs!) <<(1dy ~Ur,Uf) ®GY

(- [59)-

Az 0
Ip ] GQ> - <(2 ~ UpAz,UF) ® GT

L) (TSl

woe:)) (weer)

Az, O

P

0 O

B o[z o]y _(Jo o ] [t o
0 I(dy,m 0 o oA |% 0 0
0
_ AIP (A Ip)LlIﬁ 0 “0.
0 =
0 Az, — (A-1,) (ay—p),(dy—p) I

which implies that for all(i, j) € {(7,7) | ¢ € {1,...,p}, 7 € {1,...,(dy = P)}}, (Az,)ii >
(A_z,)j;- In other words, the index séf; must select the largesgt eigenvalues whatever is.
SinceC(C"C)~C" = Uz, U7 (which is obtained above), we have thiatC” C)~C" = U,Uy in
this case.

Summarizing the above case analysisy&L(W) = 0 at a critical point,C'(CTC)~CT = UyU;
or Xr =0. (]

A.7 Generalized inverse of Kronecker product

(A~ ® B7) is ageneralized inverse of ® B.

Proof For a matrixM, the definition of a generalized invers®/—, is MM ~M = M. Setting
M := A ® B, we check if(A~ ® B™) satisfies the definition{A ® B)(A~ ® B~ )(A® B) =
(AA“A® BB~ B) = (A® B) as desired.

Here, we aranot claiming that(A~ ® B~) is the unique generalized inverse#fw B. Notice that

the necessary condition that we have in our proof (where we need a generalized inversédis

for any generalized inverse df® B. Thus, replacing it by one of any generalized inverse suffices to
obtain a necessary condition. Indeed, choosing Me&enrose pseudoinverse suffices here, with

which we know(A @ B)! = (A" @ BY). But, to give a simpler argument later, we keep more

generality by choosingA~ ® B~) as a generalized inverse 8f® B.

B Proof of TheoremP=3

We complete the proofs of Theordfd. Since we heavily rely on the necessary conditions of local
minima, we remind the reader of the elementary logic: for a point to be a local minimum, it must
satisfy all thenecessargonditions of local minima, but a point satisfying thecessargonditions

can be a point that is not a local minimum (in contrast, a point satisfyinguffeientcondition of

local minimum is a local minimum).

B.1 Proof of TheoremP=3 (ii)

Proof By case analysis, we show that any point that satisfies the necessary conditions and the defi-
nition of a local minimum is a global minimum. When we write a statement in the proof, we often
mean that a necessary condition of local minima implies the statement as it should be clear (i.e., we
are not claiming that the statement must hold true unless the point is the candidate wfifoce.).

Casel: rank(Wy - - - Ws) = p andd, < p: Assume thatank(Wy --- W5) = p. We first obtain a
necessary condition of the Hessian being positive semidefinite at a critical foirt, 0, and then
interpret the condition. Ifl, < p, CorollaryE3 with ¥ = H + 1 implies the necessary condition
that Xr = 0. This is because the other conditipn> rank(Wg 1) > rank(Wgy --- Ws) = pis
false.
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If d, = p, LemmaB® with & = H + 1 implies the necessary condition thatr = 0 or
R(Wpg---Ws) € R(CTC). Suppose thaR(Wy ---Wy) € R(CTC). Then, we have that
p = rank(Wy - -- Wa) < rank(CTC) = rank(C). Thatis,rank(C) > p.

From Corollary@3 with & = 2 implies the necessary condition that
rank(C) > rank(I4,) or XrWyyq - W3 =0.

Suppose the latteiXrWg 1 - - - W3 = 0. Sincerank(Wgyq - - - W3) > rank(C) > panddyy1 =
d, = p, the left null space oW - - - W5 contains only zero. Thus,

X’I’WH+1"'W3:0:>X’/’:0.

Suppose the formerank(C) > rank(1,, ). Becausel, = p, rank(C') > p,andR(C) C R(Y XT)
as shown in the proof of Lemni&B, we have thaR (C) = R(Y X7T).

rank(C) > rank(Iy,) = CTCisfullrank = Xr = XYTCo(CcTo)~'c” — Xy =0,

where the last equality follows the fact thaXr)? = C(CTC)~1CTYXT — YXT = 0 since
R(C) = R(Y XT) and thereby the projection afXT onto the range of" is Y X*'. Therefore, we
have the conditionXr = 0 whend, < p.

To interpret the conditioX» = 0, consider a loss function with a linear model without any hidden
layer, f(W') = |[W'X — Y% whereW’ € Rs*4 Letr’ = (W'X —Y)T be the corresponding
error matrix. Then, any point satisfyingr’ = 0 is known to be a global minimum of by its
convexity? For any values oV 1 - -- W1, there existd¥V’ such thatW’ = Wy --- Wy (the
opposite is also true whed), < p although we don’t need it in our proof). That is, im&g¢ C
imag€ f) and imagér) C imag€r’) (as functions of¥ andW’ respectively) (the equality is also
true whend, < p although we don’t need it in our proof). Summarizing the above, whenever
Xr = 0, there existd¥V’ = Wy, --- Wi such thatXr = Xr' = 0, which achieves the global
minimum value off (f*) and f* < £* (i.e., the global minimum value of is at most the global
minimum value ofL since imagéL) C imag€ f)). In other wordsW 1 - - - Wy achievingXr = 0
attains a global minimum value gfthat is at most the global minimum value 6f This means that
Wiyy1 - -- Wy achievingXr = 0 is a global minimum.

Thus, we have proved that whetnk(Wy - - - W,) = p andd, < p, if V2L(W) = 0 at a critical
point, it is a globaminimum.

Casell: rank(Wy --- W) = p andd, > p: We first obtain a necessary condition of the Hessian
being positive semidefinite at a critical point and then interpret the condition. From L&ngnvee
have thalC(C"C)~C" = UpUl or Xr = 0. If Xr = 0, with the exact same proof as in the case
of d,, < p, itis a global minimum. Suppose tha{C?C)~CT = U,U;. Combined with Lemma
a2 we have a necessary condition:

Wi+ Wiy =C(CTO)CTYXT(XXT) ' = UUl Y XT(XXT)~1.

From LemmaZa with k = H + 1, R(WS --- W) € R(CTC) = R(CT), which implies that

p = rank(C) = p (sincerank(Wy --- W) = p). Thus, we can rewrite the above equation as

Wey1--- Wi = UpUYXT(XXT)~!, which is the orthogonal projection on to subspace spanned
by thep eigenvectors corresponding to théargest eigenvalues following the ordinary least square

regression matrix. This is indeed the expression of a global minindaini(& Hornik, 1989 Baid]

X L1, 20T2).

Thus, we have proved that wheank(Wy; --- Ws) = p, if V2L(W) = 0 at a critical point, it is a
globalminimum.

Casélll: rank(Wg --- W) < p: Suppose thatank(Wg - -- Wa) < p. Letp = min(p,d,). Then,
if rank(C) > p, every local minimum is a global minimum because of the followingp K d,,
rank(Wy --- Wy) > rank(C) > p = p and thereby we have the caserafik(Wy --- W) = p
(since we have that > rank(Wy ---Ws) > p where the first inequality follows the definition
of p). For this case, we have already proven the desired statement above. On thbaoither

Sproof: any point satisfying{r’ = 0 is a critical point off, which directly follows the proof of Lemma
71 Also, f is convex since its Hessian is positive semidefinite for all ifput1, and thus any critical point
of f is a global minimum. Combining the pervious two statements results in the desired claim
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if p > dy, we havep £ rank(C) > d,. Thus, Wy 1--- W1 = UpUTYXT(XXT)™! =
UUTYXT7(XXT)‘1, which is a global minimum. We can see this in various ways. For example,
Xr=XYTUUT — XYT = 0, which means that it is a global minimum as discussed above.

Thus, in the following, we consider the remaining case whenek(Wy ---W5) < p and
rank(C) < p. In this case, we show that we can hawak(C) > p with arbitrarily small per-
turbations of each entry a¥ 54, ..., Wy, without changing the loss value. In order to show this,
by induction onk = {1,...,H + 1}, we prove that we can havwenk(W}---W;) > p with
arbitrarily small perturbation of each entry @f;, . . ., W; without changing the value @i (V).

We start with the base case with= 1. For convenience, we reprint a hecessary condition of local
minima that is represented by equattbm the proof of Lemma&=2 for an arbitraryL,

Wy, =Ty cTyxT(xxT)y~' (1 - (cTc)-ctC) L, (6)

Suppose thatC? C) € R4 is nonsingular. Then, we have thahk(Wp - - - W) > rank(C) =
d; > p, which is false in the case being analyzed (the caseidf(Wy - -- W) < p). Thus,CTC
is singular.

If CTC is singular, it is inferred that we can pertur; to haverank(W;) > p. To see this in a
concrete algebraic way, first note that from Lem#ag, R(C) = R(Uz) or Xr = 0. If Xr = 0,

with the exact same proof as in the previous case, it is a global minimum. So, we consider the
case ofR(C) = R(Up). Then, we can writeZ = [U; 0]G; for someG; € GLg, (R) where

0 € R%wx(d1-P) Thuys,

I; 0
ctc=aT [5’ 0] G1.

Again, note that the set of all generalized inverse=gf [Ig 8} G, is as follows ¥hang 2006
p. 41):
-1 I;E L,1 -T / / / bi
Gy |7 11| Gh | Ly, Ly, L} arbitrary .
2 3
Since equatio must necessarily hold fany generalized inversa order for a point to be a local

minimum, we choose a generalized inverse with= L, = L% = 0 to have a weaker yet simpler
necessary condition. That is,

_ [ 0] o
(cto) ::Gll[op 0} g7

By plugging this into equatioB, we obtain the following necessary condition of local minima: for
an arbitraryl,

I; 0

o )
Uﬂ YXT(XXT) ™t + Iy, — GT! {op 0] G1)L

W, =Gt

(77T T T\—1
e [P e o
UﬁTYXT(XXT)‘l] . @
L 10 Lia,—p)]GiLa
Here, [0 I(4,_p»]GiLi € R@—Pxd js the last §; — p) rows of GiL;.  Since
rank(YXT(XXT)~1) = d, (because the multiplication with the invertible matrix preserves the
rank), the submatrix with the firgt rows in the above have rank Thus,W; has rank at least
P, and the possible rank deficiency comes from the ldst( p) rows, [0 I(q,—5]|G1L1. Since
W1 - Wy = CWy = [Uy 0]G1Wh,
Uy xT(xxT)-!
0 T, —p))G1Ln
This means that changing the values of the ldst{ p) rows ofG1 L, (i.e.,[0 I(4,—5)]G1L1) does
not change the value @f(W). Thus, we consider the perturbation of each entrifgfas follows:
Ul'vXT(xxT)-!
0 I(dl—ﬁ)]GlLl + eMptp|

=G7!

Wrir-- Wi = [U; 0] [ ] =UpU Y XT(XXT)~.

< [0 _
Wy =W +eGy! {Mptb} =Gt [[
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Here, with an appropriate choice 8f,, we can maké¥; to be full rank (see footnot for the
proof of the existence of sudb(fptb).B
Thus, we have shown that we can haxak(1W7) > min(ds, d,;) > min(p, d,) = p with arbitrarily

small perturbation of each entry &F; with the loss value being unchanged. This concludes the
proof for the base case of the induction with= 1.

For the inductive stépwith k € {2,..., H + 1}, we have the inductive hypothesis that we can have
rank(Wy_1 - -- Wy) > p with arbitrarily small perturbations of each entryldf,_,, . .. W; without
changing the loss value. Here, we want to show thatifk(Wy_, ---W;) > p, we can have
rank(Wy - -- W1 ) > p with arbitrarily small perturbation of each entry 16, without changing the
value of L(WW). Accordingly, suppose thaank (Wj_q - -- W7) > p. From Lemma4, we have the
following necessary condition for the Hessian to be (positive or negative) semidefinite at a critical
point: foranyk € {2,...,H + 1},

R(Wy_1---W)T) CR(CTC) or XrWiyyy-- Wip1 =0,

where the first condition is shown to implynk(Wg 41 - - - W) > rank(Wy_q - - - Wa) in Corollary

@3, If the former condition is truesank(C) > rank(Wy_q --- Wa) > rank(Wy_q --- W7) > p,

which is false in the case being analyzed (i.e., the case whetgC') < p. If this is not the case,

we can immediately conclude the desired statement as it has been already proven for the case where
rank(C) > p). Thus, we suppose that the latter condition is true.Agts Wy 11 - - Wi41. Then,

for an arbitraryLy,

0=XrWgi1- Wi
=Wy Wi = (ALAR) ALY XT(XXT) ™+ (1 — (Af Ap)™ Af Ar) Ly, (8)
=Whi1 Wi = Ay (AL AR) ALY XT(XXT)™!

=C([CTO) CTYXT(XXT) ' =UU Y XT(XXT) 7,

where the last two equalities follow LemméAs2 andZ (since if Xr = 0, we immediately obtain
the desired result as discussed above). Taking transpose,

(XXT)TIXYT AR (AL Ap) A = (XXT)T'XYTURUL,
which implies that
XYT Ay, (AL AR) Ay = XYTURU,.
SinceX Y7 is full rank withd, < d, (i.e.,rank(XY7T) = d,), there exists a left inverse and the
solution of the above linear system is uniqug @Y )T XY T)~Y(XYT)TXYT = [, yielding,
Ay (AL AR) Ap =UpUL (= Up(ULUR) MUY,
In other wordsR(Ay) = R(C) = R(Up).

Suppose thatAT A;) € R4 > s nonsingular. Then, sincR(4;) = R(C), rank(C) =
rank(A;) = di > p £ min(p,d,), which is false in the case being analyzed (the case of
rank(C) < p). Thus, A{ A, is singular. Notice that for the boundary case with= H + 1,
AL A, = 1, which is always nonsingular and thus the proof ends here (i.e., For thenithse

%In this footnote, we prove the existenceedfl,, that makedh; full rank. Although this is trivial since

the set of full rank matrices is dense, we show a proof in the following to be completg’ bep be the rank
o [UTY XT(XXTY !

of Wi. That s, in (0 Ioa, ]G Ly
row vectors, denoted by, ..., by € R'*4= Then, we denote the rest of row vectorsihyws, . . ., Vg, —p' €
R'*% |etc = min(dy — 7, d. — 7). There exist linearly independent vectois s, . . . , 7. such that the set,
{b1,...,by,01,02,...,0.}, is linearly independent. Setting := v; + €v; forall i € {1, ..., c} makesi¥,
full rank sinceew; cannot be expressed as a linear combination of other vectors. Thus, a desired perturbation
matrix e Muwn can be obtained by settird/,w, to consist okv, vz, . . . , €t row vectors for the corresponding
rows andd row vectors for other rows.

"The boundary cases with= 2 andk = H + 1 as well pose no problem during the proof for the inductive
step: remember our notational definitidhy, - - - Wy, £ Iy, if k < k'

, there exisp’ linearly independent row vectors including the fipst

19



k = H + 1, since the latter conditionXrWg1--- Wiy1 = 0, implies a false statement, the
former conditionrank(C') > p, which is the desired statement, must be true).

If AT A is singular, it is inferred that we can pertu, to haverank(Wy, - - - Wy) > min(p, d,.).
To see this in a concrete algebraic way, first note that siicé,) = R(U;), we can writed;, =
[Us 0]Gy, for someG), € GLg, (R) where0 € R%*(4=P)_ Then, similarly to the base case with

k =1, we select a general inverse (we can do this because it remains to be a necessary condition as
explained above) to be

(AT AL~ =G}t ﬁg’ 8} el

and plugging this into the condition in equatiBnfor an arbitraryL;,

UI)TYXT(XXT)“} .

_ =1
Wi Wi = Gy { s (©)

Here, [0 I(4,—p))Gilr € RE~P*ds s the last ¢, — p) rows of GyL,. Since
rank(YXT(XXT)=1) = d,, the firstp rows in the above have rank Thus, W, ---W; has
rank at leasp and the possible rank deficiency comes from the gst(p) rows, [0 (4, ) |Gr Li.
SinceWH+1 s W1 = Aka cee W1 = [Up O]Gka v Wl,

Uy xT(xxT)-1 T T T\—1

Wieras - Wy = [Us =U-UTYyXxXT (XX

H+1 1 [ P 0] |: f{) I(dk.—ﬁ)]GkLk P~ p ( ) )

which means that changing the values of the ldgst{ p) rows does not change the value®(fi?’).

We consider the perturbation of each entryl®f as follows. From equatioB, all the possible
solutions ofi¥;, can be written as: for an arbitrafy,, and Ly,

UTy XT(XXT)~!

-1 T T . i
Wy =G { fE) Iia, )G :|Bk+L0k(I By B)).

whereB, = Wy_1--- W, andB,i is the the Moore—Penrose pseudoinvers&gpf We perturbll/,
as

Wk =Wy + EGlzl |:]0\4:| B;g

o [ UTYXTXT) ] ;
=G [[0 ‘ZP(dk_f’)}GkLk vem| Brt Lo (I = By.By).

whereM = Mpyw(BY By,)' BL By.. Then,

Wi, W1 - Wy = Wy By

(77T T T\—1

B G,;l _Uv[po};ifk*(;j)ﬂgkgk ] B’in + G;l Lgf] B;LB’“
'UTYXT(XXT)l] o1 [ 0
L f(’) I(dk—ﬁ)]GkLk k eM
[ ULy xT(XXT)~!
L0 T(a,—p)|GrLlr + eMptb(B,’{Bk)TBZBJ 7

} Bl By

where the second line follows equati@nand the third line is due to the fact thMB,sz =
Mptb(B,{Bk)TB,{(BkB,ZBk) = Mpw(BFBy)'BFBy,. Here, we can construct/p, such that
. . . [Ty XT( X XT)~!
rank(WyBy) > p as follows. Letp’ > p be the rank of¥;, By,. Thatis, in| "2 ,
(0 La,—p))GrLn
there existp’ linearly independent row vectors including the figstrow vectors, denoted by
by,..., by € R'*4=Then, we denote the rest of row vectorsiqywvs, . . ., Vdp—p € R1*d=  Sjnce
rank(B{ Bx) > p (due to the inductive hypothesis), the dimensio®R¢B; By ) is at leasp. There-

fore, there exist vectors,, Uy, . .., 15— Such that the setb{, ..., b%, o1, 07, ... ,ﬂé_ﬁ,)}, is
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linearly independent and! , v, . .. ,véfﬁ,) € R(B{ By). A desired perturbation matrix/s, can
be obtained by setting/py, to consist ofvy, v, . . ., U(5—) row vectors for the firstp — p) rows and
0 row vectors for the rest:

ME = {@{ e w0 0]

p—Dp)

Then, Mpw(B{ Br)' Bl Bi, = (B[ Bx(BJ Br)TMpy)" = My (since v, o3 ,.. ., @(7;3713) €
R(B,CTB;C)). Thus, as a result of our perturbation, the original row vecterss, . .., v;_;) are
perturbated as; := v; + €t; forall i € {1,...,p — p'}, which guaranteeﬁank(VT/kBk) > p since
e?; cannot be expressed as a linear combination of other row veétors (, by andVj # i,7;)
by its construction. Therefore, we have thatk (W} - -- W) > p upon such a perturbation &
without changing the loss value.

Thus, we conclude the induction, proving that we can hawk (W1 - -- Wq) > p with arbitrar-

ily small perturbation of each parameter without changing the valug(®@f). Sincerank(C) >
rank(Wpg4q---Wi) > p, upon such a perturbation, we have the case wheik(C) > p, for
which we have already proven that a critical point is not a local minimum unless it is a global
minimum. This concludes the proof of the case whetek (W - - - Ws) < p.

Summarizing the above, any point that satisfies the definition (and necessary conditions) of a local
minimum is a global minimum, concluding the proofTfieorem =3 (ii) . O

B.2 Proof of TheoremE=3 (i)

Proof We can prove the non-convexity and non-concavity from its Hessian (TheéaBHi)). First,
considerL (V). For example, from CorollarE3 with £ = H + 1, it is necessary for the Hessian
to be positive or negative semidefinite at a critical point thak (W, 1) > rank(Wy --- Wa) or

Xr = 0. The instances off” unsatisfying this condition at critical points form some uncountable
set. As an example, consider a uncountable set that consists of the poini#&with= W; = 0

and with anyWy, ..., Ws. Then, every point in the set defines a critical point from Leniiia
Also, Xr = XYT # 0 asrank(XY7) > 1. So, it does not satisfy the first semidefinite condition.
On the other hand, with any instanceld®; - - - W5 such thatank(Wy - - - W3) > 1, we have that

0 = rank(Wg41) #? rank(Wy --- Wa). So, it does not satisfy the second semidefinite condition
as well. Thus, we have proven that in the domain of the loss function, there exist points, at which
the Hessian becomes indefinitehis implies TheoremE23 (i): the functions are non-convex and
non-concave.

O

B.3 Proof of TheoremZ=3 (iii)

Proof We now prove Theoret@3 (iii) : every critical point that is not a global minimum is a saddle
point. Here, we want to show that if the Hessian is negative semidefinite at a critical point, then
there is a increasing direction so that there is no local maximum. From LéaBwath k£ = 1,

_ T
’Dvec(WlT) (Dvec(Wf)‘C(W)) = ((WH+1 T WQ)T(WH+1 T W2) & XXT) = 0.

The positive semidefiniteness follows the fact taty 1 - - - Wa)T Wy - W) and X X 7T are
positive semidefinite. Sinc& X7 is full rank, if (Wg 1 - Wa)T (Wx,1 - Wa) has at least one
strictly positive eigenvalug Wy 1 --- Wo)T (W41 --- Wo) @ X X7 has at least one strictly pos-

itive eigenvalue (by the spectrum property of Kronecker product). Thus, with other variables being
fixed, if Wg41--- Wy # 0, with respect toll/; at any critical point, there exists some increas-
ing direction that corresponds to the strictly positive eigenvalue. This means that there is no local
maximum if Wy 1 --- Wo #£ 0.

If Wgy--- Wy = 0, we claim that at a critical point, if the Hessian is negative semidefinite (i.e.,

a necessary condition of local maxima), we can midke, ; - - - Wy # 0 with arbitrarily small per-
turbation of each parameter without changing the loss value. We can prove this by using the similar
proof procedure to that used for Theor&@ (ii) in the case ofank(Wy --- Ws) < p. Suppose
thatWy 1 --- Wa = 0 and thusrank(Wg 44 - - - W2) = 0. By induction onk = {2,...,H + 1},
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we prove that we can haw --- Wy # 0 with arbitrarily small perturbation of each entry of
Wy, ..., Wo without changing the loss value.

We start with the base case with= 2. From Lemma@4, we have a following necessary condition
for the Hessian to be (positive or negative) semidefinite at a critical point: fokany2, ..., H +

1},
R(Wy_1---W)T) CR(CTC) or XrWyyy-- Wiir =0,

where the first condition is shown to implank(Wgyq---Wy) > rank(Wgi_q---W3) in
Corollary 28, Let Ay = Wg41--- Wi, From the condition witht = 2, we have that
rank(Wgyiq---Wa) > dy > 1 or XrWpyy,---Ws = 0. The former condition is false since
rank(Wpy - - - W) < 1. From the latter condition, for an arbitrafy,

0=XrWgyi--- W

=WoWy = (AT Ay) ATYXT(XXT)™' + (I — (A3 Ay)” AT A5) L, (10)

=Wy Wi =4y (AJA)) AJYXT(XXT)™!
=ccTe)y oty xT(xxT)™!

where the last follows the critical point condition (Lem&). Then, similarly to the proof of
TheorenZ3 (ii),

Ay (AT Ay) Ay =cC(CTC)"CT.
In other wordsR(A43) = R(C).

Suppose thatank(AZ A5) > 1. Then, sinceR(4;) = R(C), we have thatank(C) > 1, which
is false (or else the desired statement). Thuask(AZ A5) = 0, which implies thatd, = 0. Then,
sinceWpgiq--- Wy = A WoW, with A, = 0, we can havéV, # 0 without changing the loss
value with arbitrarily small perturbation &¥.

For the inductive step wittk = {3,..., H + 1}, we have the inductive hypothesis that we can
have Wy_, --- Wy # 0 with arbitrarily small perturbation of each parameter without changing
the loss value. Accordingly, suppose th&}_1--- Ws # 0. Again, from LemmaZ3, for any
ke{2,....,H +1},

R(Wi—1---W2)T) CR(CTC) or XrWpy1 - Wiy1 = 0.

If the former is truerank(C') > rank(Wy_1 --- W3) > 1, which is false (or the desired statement).
If the latter is true, for an arbitrar,

0=XrWyi1- Wi
=Wy Wi = (AF Ag)” ATY XT(XXT)™ + (I — (AF Ax)~ AL A) Ly
=Wy Wi = Ay (AL Ar) ALY XT(XXT)™!
=Cc(CTO)y Y XT (XX = UU Y XT(XXT) T,
where the last follows the critical point condition (Lem@&a). Then, similarly to the above,
A (AL Ax) Ap=c(CTC)~C".
In other wordsR(Ax) = R(C).

Suppose thatank(AY A;) > 1. Then, sinceR(4;) = R(C), we have thatank(C) =
rank(Ax) > 1, which is false (or the desired statement). Thusk(A} Ax) = 0, which implies
thatAx = 0. Then, sincéVy,q --- Wy = AWy, - - - Wy with A, = 0, we can havéV, --- Wy # 0
without changing the loss value with arbitrarily small perturbation of each parameter.

Thus, we conclude the induction, proving thakiify; - - - Wa = 0, with arbitrarily small perturba-

tion of each parameter without changing the valu€ o), we can havéVy 4 - - - Ws # 0. Thus,

at any candidate point for local maximum, the loss function has some strictly increasing direction in
an arbitrarily small neighborhood. This means that there is no local maximhbuos, we obtained

the statement of TheoreniZ=3 (iii) .

O
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B.4 Proof of TheoremPZ3 (iv)

Proof In the proof of Theoren®3 (i), the case analysis with the casenk(Wg ---Wa) = p,
revealed that whemank(Wy ---Wo) = p, if V2L(W) = 0 at a critical point,JV is a global
minimum. Thus, whemank(Wy - - - Ws) = p, if W is not a global minimum at a critical point, its
Hessian is not positive semidefinite, containing some negative eigenvalue. From THEB @)

if it is not a global minimum, it is not a local minimum. From Theor8@ (iii) , it is a saddle point.
Thus, if rank(Wpg --- W5) = p, the Hessian at any saddle point has some negative eigenvalue,
which is the statement of TheoreniZ3 (iv).

O

C Proofs of Corollaries?"4 and B2
We complete the proofs of Corollarigsd andZ=2

C.1 Proof of Corollary P2

Proof If H = 1, the condition in Theoref®3(iv) reads "ifrank(W; - - - W) = rank(ly, ) = dq =

p", which is always true. This is becaugés the smallest width of hidden layers and there is only one
hidden layer, the width of which i¢,. Thus, Theorer®3 (iv) immediately implies the statement of
CorollaryZ4. For the statement of CorollaBd with H > 2, it is suffice to show the existence of

a simple set containing saddle points with the Hessian having no negative eigenvalue. Suppose that
Wg = Wg_1 =--- = Wy = W; = 0. Then, from LemmdL, it defines an uncountable set of
critical points, in whichWg ., can vary inR%>4# Sincer = YT # 0 due torank(Y) > 1, itis

not a global minimum. To see this, we write

_ 1,— 1
(W) = SV (W, X) = Y[} = 5 tr(rTr)

1 1 1
=5 tr(YYT) - 5 (Wi - WiXyT) — 3 (W -+ Wi XYy TT)
1 T T
+ 9 tr(WH+1~~-W1XX (WH+1 Wl) )

For example, withVp 41 --- W, = £ U, U Y XT (X X)),

. 1
LW) =3 (tr(YYT) = tr(U,ULS) — tr(SULU)) + tr(UpUL SURUL))

1 1 2

=3 (tr(YYT) — tr(UpAlszpT)) =3 <tr(YYT) + ZAM) ,
k=1

where we can see that there exists a strictly lower valué(®) than the loss value with = Y7,

whichis1 tr(YYT) (sinceX # 0 andrank(X) # 0).

Thus, these are not global minima, and thereby these are saddle points by TEER{i@mand(iii) .

On the other hand, from the proof of Lema, every diagonal and off-diagonal element of the
Hessianis zeroiWy = Wy_1 = --- = Wy = W7 = 0. Thus, the Hessian is simply a zero matrix,
which has no negative eigenvalue.

O

C.2 Proof of Corollary B2 and discussion of the assumptions used in the previous work

Proof SinceEz[Y (W, X)] = ap 31 [Xil () [Ticy wiipy = Y2 LIW) = L Ez[Y (W, X) -

Yllr = 3| E2[Y (W, X)] = Y|} = L(W). 0

The previous work also assumes the use of “independent random” loss functions. Consider the hinge

l0SS, Lhinge(V) j,; = max(0, 1—YNY(W, X),.:). By modeling the max operator as a Bernoulli ran-

dom variables, we can then writeCinge(W);,; = £ — ¢ Z;I’:l Y41 Xa] €[ Zi) (o) kHjll wéf)p)
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Alp then assumes that for @land(j,p), the&[Z;]; ,) are Bernoulli random variables with equal
probabilities of success. Furthermore, A5u assumes that the independ€f€g9f,), Y; :[X:](j p)
andwg; ). Finally, A6u assumes thaf; ;[X;], ) for all (j,p) andi are independent. In section

B2, we discuss the effect of all of the seven previous assumptions to see why these are unrealistic.

D Discussion of the 1989 conjecture

The 1989 conjecture is based on the result for a 1-hidden layer networlpwithl, = d. (e.g.,
an autoencoder). That is, the previous wodksidered” = W, W, X with the same loss function
as ours with the additional assumptipn< d, = d,. The previous work denoted = W, and
B2 W,.

The conjecture was expressed®gidi & HorniK (T98Y as

Our results, and in particular the main features of the landscapk lobld true in
the case of linear networks with several hidden layers.

Here, the “main features of the landscapd&frefers to the following features, among other minor
technical facts: 1) the function is convex in each mattior B) when fixing otherB (or A), and 2)
every local minimum is a global minimum. No proof was provided in this work for this conjecture.

In 2012, the proof for the conjecture corresponding to the first feature (convexity in each matrix
A (or B) when fixing otherB (or A)) was provided inBaldi"& Tu, P0T? for both real-valued

and complex-valued cases, while the proof for the conjecture for the second feature (every local
minimum being a global minimum) was left for future work.

In (Bald], 1989, there is an informal discussion regarding the conjecture: Eefl,---, H} be an
index of a layer with the smallest widgh That is,d; = p. We write

A=Wy Wi
B:=W;..-Wj.
Then, whatA and B can represent is the same as what the origihal= W, and B := W7,
respectively, can represent in the 1-hidden layer case, assumingthéj = d, (i.e., any element
in R%>P and any element iRP*4=). Thus, wewould conclude that all the local minima in the

deeper models always correspond to the local minima of the collapsed 1-hidden layer version with
A= WH+1 cee Wi+l andB := W;---Why.

However, the above reasoning turns out to be incomplete. Let us prove the incompleteness of the
reasoning by contradiction in a way in which we can clearly see what goes wrong. Suppose that the
reasoning is complete (i.e., the following statement is true: if we can collapse the model with the
same expressiveness with the same rank restriction, then the local minima of the model correspond
to the local minima of the collapsed model). Considéw) = W3WoW; = 2w? + w?, where

Wi =[w w w], Wo =[1 1 w]” andW3 = w. Then, let us collapse the modelas= W3 W,W;

andg(a) = a. As a result, whaff(w) can represent is the same as wiat) can represent (i.e.,

any element i) with the same rank restriction (with a rank of at most one). Thus, with the same
reasoning, we can conclude that every local minimunf (@f) corresponds to a local minimum of

g(a). However, this is clearly false, g§w) is a non-convex function with a local minimum at

w = 0 that is not a global minimum, whilg(a) is linear (convex and concave) without any local
minima. The convexity for(a) is preserved after the composition with any norm. Thus, we have a
contradiction, proving the incompleteness of the reasoning. What is missed in the reasoning is that
even if what a model can represent is the same, the different parameterization creates different local
structure in the loss surface, and thus different properties of the critical points (global minima, local
minima, saddle points, and local maxima).

Now that we have proved the incompleteness of this reasoning, we discuss where the reasoning
actually breaks down in a more concrete example. From Lenfimeandd 2, if H = 1, we have
the following representation at critical points:

AB = A(ATA) - ATy XxT(xxT)~1.
whereA := W5 andB := W;. In contrast, from Lemma&Zl and@2, if H is arbitrary,
AB=c(Ctc)y-cTyxT(xxT)~-1
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whereA := Wgy1---W,; andB := W, ---W; as discussed above, attl= Wy, --- Wa.

Note that by using other critical point conditions from Lemr#ak we cannot obtain an expression
such that” = A in the above expression unless- 1. Therefore, even though whatand B can
represent is the same, the critical condition becomes different (and similarly, the conditions from
the Hessian). Because the proof in the previous work ith= 1 heavily relies on the fact that

AB = A(ATA)-ATY XT(XXT)~1, the same proof does not apply for deeper models (we may
continue providing more evidence as to why the same proof does not work for deeper models, but
one such example suffices for the purpose here).

In this respect, we have completed the proof of the conjecture and also provided a complete analyt-
ical proof for more general and detailed statements; that is, we did not assurpe<thédf = d,
and we also proved saddle point properties with negative eigenvalue information.
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