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A Convex approximation

A.1 Proposed estimator

As both C, and A, are nonconvex sets, the optimization problem in (3) is nonconvex. Hence,
there is no guarantee that our algorithm converges to a global minimizer. A common
alternative is to approximate (nonconvex) Lo constraints with (convex) L; constraints.
Applied to (3), this would correspond to the estimator

arg min {—L(B) + 1B« + 2/ B1.2} (11)
BeRrxJ
where || - ||, is the nuclear norm (i.e., the norm which sums the singular values of its
matrix-valued argument), [|All12 = >2"_ [|A; ||z, and (71,72) € [0,00) x [0, 00) are tuning

parameters. Large values of v; will force many singular values of B to be zero, thus reducing
its rank. Similarly, when ~; is large, the second penalty will force many entire rows of B to
be zero. The estimator (11) can thus be thought of as a convex approximation to (3).

While this estimator may seem appealing, we encounter three issues with (11). First, the
use of two penalties often leads to over-shrinkage towards the origin. Second, identifying a
tuning parameter pair that leads to both low-rank and sparse estimates of B, was difficult
in the settings we considered. To choose a v; which led to low-rankness, it was most often
the case that (11) needed to be entirely nonzero, whereas to achieve a sparse estimate,
(11) often needed to be of full rank. Third, computing (11) requires solving a difficult
optimization problem. To the best of our knowledge, there exists no standard algorithm for
solving optimization problems like (11). In the following subsection, we propose a proximal-
proximal gradient descent algorithm (Ryu and Yin, 2019) for computing (11) that may be of
independent interest. In our simulation studies, we show that despite the virtues of convexity,
(3) outperforms (11) to a notable extent.



A.2 Computing the convex approximation

As mentioned in preceding section, the optimization problem in (11) is convex. Solving this
optimization problem is especially challenging because the penalties are a function of all
columns of B, making the optimization problem nonseparable across populations. However,
like many penalized maximum likelihood estimators, the corresponding optimization problem
can be expressed as the sum of differentiable and nondifferentiable functions, which suggests
that we may employ “splitting algorithms” to solve (11). We use the so-called proximal-
proximal gradient descent algorithm (Ryu and Yin, 2019), also known as the Davis-Yin
splitting algorithm (Davis and Yin, 2017), for computing (11) with ~; > 0 and ~; > 0.

Throughout this section, we refer to the proximal operator of a function /, denoted prox;,
which we define as

1
prox,(B) = arg min {§HA — B3 + h(A)} .
A

To employ the proximal-proximal gradient descent algorithm, we need only be able to evaluate
the proximal operators of || - ||, and || - ||12 separately, and compute the gradient of £ with
respect to B. Specifically, we update three sets of variables at each iteration: B € RP*7
B c R?*’ and © € RP*/. Given o > 0, a sufficiently small step size parameter, the updating
equations to obtain the (¢)th set of iterates are

BY = prox,,,.(6""Y),

=)

B = prox,.,,,{2B" -0 +avL(BY)},

avyzl|ll1,2

(®)

oY =0+ B - BY.

To lend intuition to this procedure, note that if v = 0, then B ® — @Y 50 that iterates
above would be exactly the iterates of the standard proximal gradient descent algorithm with
step size parameter o (Parikh and Boyd, 2014, Section 4.2). However, applying proximal
gradient descent to (11) with both «; > 0 and 75 > 0 directly would be problematic because
this would require computing the proximal operator of the sum of two penalties, which would
require its own iterative procedure.

The proximal-proximal gradient descent algorithm above is particularly efficient because
each of the iterates can be computed in closed form. In particular, for a matrix A,

pI‘OXT”.H* (A) = ASOft(@, T)FT, (12)

where A = A®T" is the singular value decomposition of A (where ® is diagonal with
nonnegative entries, A'A = I, and I''T" = I) and soft is the soft thresholding operator
applied elementwise to its argument, i.e., for all pairs (j, k),

[soft(C, 7)],r = max (|C; | — 7,0)sign(C} ).

For a derivation of (12), see the proof of Proposition 1 of Zhou and Li (2014), for exam-
ple. Similarly, the proximal operator of the || - |12 norm also has a closed form. Letting



[prox. ., ,(A)];. denote the jth row of the proximal operator of 7| - [|;» evaluated at
A € R we have

A (1— 52— A>T :
[prox_ ., ,(A)];. = { 7 < IIAj,<||2) » ., J € lal.
e 0 Al <7

Applying a result from Davis and Yin (2017), it follows that if o > 0 is fixed sufficiently
close to zero — according to the Lipschitz constant of VL — then the sequence of iterates

defined above satisty B® — B*, E(t) — B* as t — oo where B* is a solution to (11).

While the proximal-proximal gradient descent algorithm is easy to implement, fixing the
step size a can often lead to slow convergence in practice. In our implementation, we use a
version of this algorithm proposed by Pedregosa and Gidel (2018) which selects step sizes
adaptively using a backtracking line search. We found that in practice, this approach led to
much shorter computing times than the version with « fixed. Specifically, we implement a
version of Variant 1 of Algorithm 1 from Pedregosa and Gidel (2018) applied to (11).

When either v4 = 0 or 7, = 0, we instead use an accelerated proximal gradient descent
algorithm (Parikh and Boyd (2014), Sections 4.2-4.3) to solve (11). For more on the
accelerated proximal gradient descent algorithm, see Beck and Teboulle (2009).

B Tuning parameter selection

There are numerous criteria used to selecting tuning parameters for fitting penalized Cox
proportional hazards models. For example, glmnet uses cross-validated partial likelihood.
In our implementation, however, we instead implement a cross-validated linear predictors
criterion proposed in Dai and Breheny (2019). Specifically, for each j € [J], we randomly
assign subjects to one of V' folds, Ky, ..., Ky, where Kyyi1,..., Ky v is a partition of
[n(jy]. For the vth fold, we compute B;"g’(v) by fitting (3) to all subjects not belonging to the
vth fold with s = 5 and r = 7. Then, for each i € K(;,, we compute and store

T B .
bz = T Braw 7€ V],

for each v € [V]. Thus, with ¢y1,5),- - s PG5 in hand, we select the tuning pair (7,3)
which maximizes the (weighted) partial log-likelihood

J ()
L 1 exp(P()i,,5)
(7,8) = arg max — E [w(j) E 8(j)i log{ )6 (7,3) - : (13)
i=1

Faer J o D ker s XP(PG)k )

where 7 is a prespecified (discrete) set of candidate tuning parameters and w; > 0 are
weights corresponding to the jth dataset. In our simulations and real data analysis, we set
w(jy = 1, but there may be settings where one would prefer to use w;) # n;) for some pairs
Jj # j’. We found (13) worked better than cross-validated partial likelihood, particularly
when many subjects’ survival times were censored. This is partly because cross-validated
linear predictors do not require constructing a risk set separately for each fold: see Dai and
Breheny (2019) for more on this approach.



Note also that one should be mindful of the tuning parameter p and initial penalty
parameter py when performing V-fold cross-validation. When leaving out the vth fold for
model fitting, the effect of p and p will be different because the magnitude of the partial
log-likelihood depends on the sample size. Roughly speaking, ¢ and py should be scaled by
(V —1)/V during V-fold cross-validation, and should be returned to their original values for
fitting the model to the entire dataset. For example, in Section 6, we set u ~ (4/5)50 during
5-fold cross-validation, and set p = 50 for fitting the model to the complete dataset.

C Simulation study performance metrics

We use three performance metrics in our simulation studies: model error, C-index, and Brier
score. R R

Model error, defined as tr{(B — B,)'3(B — B,)}, quantifies the accuracy of the
linear predictors. In the context of our simulation study, this can be thought of as
Z hmnm_>oo 1 X () (b b(] M3/n()- C-index, in contrast, measures the degree of agree-
ment in ordering between the linear predictor and the observed event times. As no outcomes
are censored in our simulation study testing set, the C-index between the linear predictors
and the observed outcomes can simply be expressed

li"” Ly > yow) {1(@)ba) < 2fba) +§ x Laf) by = 2()bw))
j=1 i=1 k=1 Zntm >t Lygys > Yoe)

Note that a C-index of one indicates perfect agreement in ordering between observed outcomes
and estimated linear predictors, whereas a C-index of 0.5 suggests that a model is no better
than randomly guessing the order of the linear predictors. Hence, unlike model error, a higher
C-index indicates better performance.

Finally, we also measure the Brier score evaluated at the median observed survival time.
When there is no censoring, the Brier score for the jth population at time ¢ is defined as

R 1 Ntest R - 9
B(t | b)) = — > {1y > 1) = St [y b))
St =1

where §(j) (t| ac(j)i,g(j)) is the estimated survival probability at time ¢ in the jth population
based on estimate b(j for a subject with predictors x(j);- Then, the (averaged) Brier score

we report is J ! Z 1 Blaos({ygyi bisst) | b j)), where qo5 is the median of its set-valued
argument. We also recorded Brier scores based on the 25th and 75th percentiles, but found
their performances to be similar to the 50th.

D Proof of Theorems 1 and 2

In this section, we prove the theoretical results in Section 4 of main manuscript. We will first
list the assumptions under which we establish the asymptotic distribution of B,.,



(A1) The data are independent and identically distributed from the Cox proportional
hazards model described in Section 1 and rank(B,) = r..

(A2) For all J populations, the data are collected on the finite time interval [0, L] only.

(A3) Foreach j € [J] support of xj), X(;), is a subset of R? and max;e/ SUDyex,, 1% 00 <
K, for some finite K € R.

(A4) For each j € [J], we assume that there exists a finite constant 7(;) € (0, 00) such
that P(C(y) < 7)) = 1, P(Cly) = 7)) > 0 and B(T() > 75) > 0.

(A5) For each j € [J], ng)/n — K¢y = 0 > 0 for some 6 > 0 where ijl Ky = 1.
(A6) The data from each of the J populations are generated independently.

(A7) For all j € [J] and s € [0, L], assume that there exist s — D,;)(s) such that

() 1} hen, Vi) exp(bl @) @y —@0)(5)) @0y~ 26)(9) T % Dagy(s) point-
wise,

(b) fOL D, (s)dH;(s) is positive definite, where H;(s) is the cumulative baseline
hazard for the jth population evaluated at s.

The above assumptions warrant some discussion. Assumption (A1) ensures that the model is
well specified. Assumption (A2) can be easily be relaxed to allow for different finite intervals
for each population. Assumptions (A3), (A4), and (A7) ensure that each of the J populations
have finite information. These assumptions are borrowed from Hjort and Pollard (2011) who
studied the Cox model in a single population. They are weaker than those of Andersen and
Gill (1982), e.g., Andersen and Gill (1982) require the convergence in assumption (A7) to
be uniform in s and for every b in the neighborhood of b, (), while (A7) (a) requires only
pointwise convergence and only at the true regression coefficient. The bounded covariates
assumption in (A3) can be relaxed with some careful calculations. Assumption (A5) ensures
that each population is “equally” represented in the data. Assumption (A6) allows us to
establish the joint distribution of unconstrained maximum likelihood estimators (MLESs) for
each of the J population.

With these assumptions in hand, we establish our first intermediate result on the consis-
tency of B, .

Lemma D.1 (Consistency). Under assumptions (A1) — (A6), the constrained MLE is
consistent, i.e., ||[vec(B,, — B,)||2 = 0,(1).

Proof. Note that a Wald-type proof of consistency of the (constrained) maximum likelihood
estimator is not possible because of the discontinuity of the profiled likelihoods. Instead, we
will use techniques discussed in Section 5.3.2 of Van der Vaart (2002) to prove consistency of
the MLE for a single population. Because the rank constraint requires that the MLE depend
on data from all J populations, the results from Van der Vaart (2002) cannot be applied to
each of the populations separately.



Let H be the cumulative baseline hazard function corresponding to the estimated
baseline hazard h ()0

For any bounded perturbation A, let us define dﬁ(j)tj =(1+ tjA(j))dﬁI(j). The joint like-
lihood at (B, ?[(1)151, . 7ﬁ(J)tJ> viewed as a function of ¢t = (¢1,...,¢;) must be maximized
at t = 0 with Er* kept fixed. Thus we have J stationary equations, for each j € [J],

~T ~
Py 0 A0 (96)) = / [Pr;, exp(bj () Lszyg,) | A ) ()dH ) (s),
where for every j € [J] and function f: R x X — R, we define

()

Pn(j)f = n(;; Z f(?/(]) L
i=1

. A—l— .
By replacing A¢jy(s) by Agy(s)/[Pn,, exp(b)® ) Lszy,, ], We get for all j € [J],

9i) A (Y)
nG) 775
Moy (y))

Note that the likelihood at (BT*, H(1)t1, . ,ﬁ(J)tJ) is not comparable to the likelihood at
(B.,H.qy,-..,Hyy)), where for j € [J], H,; is cumulative hazard function corresponding

/)\ y(s )dH H(s) = . where M,)(s) := ]P’n()exp(bu ) Ls<y)-

to h.(j)o. This is because when maximizing the joint likelihood, the fl(j)t]. are restricted to
have discontinuities at the data points while H, ;) can be arbitrary. To overcome this, let us

define an intermediate quantity H, (j) for each j € [J] that satisfies

SNAG) (YG))
M (yi))

where for every j € [J] and function f : R x X(j;y = R, we define

/ A (8)dH j)(s) = Pn where  M(;)(s) := Py exp(b] () Loy,

Pyt = / F(y, 2)dP) (v, ),

where P;) denotes the joint distribution of (y,z) for the jth population. By assumption
(A4), we have that

M(j)<5) = B eXp<b;r(j)w(j)>1S§y(j) 2 P(j) eXp(bI(j)w(j))lT(j)Sy(j)
is strictly bounded away from zero. Thus if A\(;) varies over a Glivenko-Cantelli class then
[ A (8)dHy — [ Ajy(s)dHa uniformly over )\ (7 ().
Now we will compare the likelihood at (Br ,H(l) H(J ) to the likelihood at (B, H(l), - Hpy).

Note that this is doable because both H(] and H have point masses at the observed data

and both BT* and B, belong to the set of rank r, matrlces. Comparing the likelihood, for
each j € [J], we get

= 5T o B BT m M) (yi))
(b(j)—b*(j))T]P)n(j).’lt(j)(s(j)—Pn(j) (eb(ﬂ) (J)H(j) (y(j)) — 2+ (J)H(j)( Y( ))>+]P)”(J)5 —J J > 0.
Mnm(y(j))
(14)



As ||/l;(j) |2 < || By |lr < M (see Section 4 of the main manuscript), by multiple applications
of the Glivenko-Cantelli theorem, we will show that for all j € [J] and almost all w, there exists
boo(j)(w) and He(j)(w)(-) (a non-decreasing, cadlag function He(j)(w) : [0,00) = RT with
Ho(j)(w)(0) = 0) such that along a subsequence (B(j)(w),f[(j)(w)) = (o) (W), Heoj)(w))
and

bl bl @, M) (yi))
(Bucti)—b-) " Py i8)— Py (€°=0%0 Hacgsy (y15)) — €70 ‘”H*<j>(y<j>))+P<j>5<j>% >0

where
3 Ao (Ye))
Moo () 1= Pjye’=0"01,c,  and /A dH.o(;) = Py 2220290
J - U 7 Moo () (y5))

Now note that by a perturbation similar to the one in the beginning of the proof, we have

that 50\ (00)
AN \YG)
Ay (8)dH, 5y (8) = Py~ L0000
/ () () () M) (yi))
Let I(by(;), Hy(j)) be the likelihood evaluated at (by,j), Hy(;)). By observing that M;y/ Muojy(yi)) =
dH ;) /dH, (), we see that (15) implies that

Py log{l(beo(j), Hoo(j)) /sy, Huz))} <0,

which by uniqueness of (b.(j), H.(;)) implies that (bso(j), Hoo(j)) = (bu(j), Ha(j)) almost surely.

The proof will be complete if we can show that (14) implies (15) for each of the populations
separately. This is done on page 392 of Section 5.3.2 of Van der Vaart (2002). This last
step uses the fact that X(;) is a bounded set (assumption (A3)) and the fact that uniformly
bounded cadlag functions on bounded support are Glivenko-Cantelli. O]

D.1 Proof of Theorem 1

Next, we prove the asymptotic normality of Vec(ﬁr* — B,). For the remainder of this section,
we take r = r,. For every j € [J], define

n(j)
R (s,b) := Z 1(yy > s)exp( (])ib) and  dN(y(s) = 1(y(j)i 5,5+ ds], 65 1).
i=1
(16)
Recall that the partial log likelihood for the data is
J )
=>_> du [w(Tj)ib(j) — log { > exp(x(bg) }}
j=1 i=1 KER ()i
1
J () ( 7>
=> ) / [2(:b) — log R;(s,bj))] dNji(s),
=1 i=1 0



where the risk set R ;); is defined Section 1 of the manuscript. Let us now define a number of
important quantities. For two (compatible) matrices J and K, let the notation J;.,,) denote
the first r columns of J, and let [J, K] denote the matrix which concatenates J and K by

columns. Let e; € R" denote the jth basis vector for j € [r]. Let U € RP" and V € RU-7)x7
be two unique matrices such that

~ ~ T ~
B.— [0V U]
For any vector 3 € RP"*/" we use the shorthand

IBI]' = 16[12177"]7 and for j S [JL ﬁf}(j) = ﬁ[(pr—i—(j—l)r—i—l):(pr—i—jr)]' (18>

Further, let a := (vec(U)" Vec([V L)T)T € R 50 that we may write, for example,

V[J] for j < J—r,
Wi T €j—(j—r) forj>J—r.

Finally, let us define the matrices T' and T'; as

T .= K{ Y ] ®Ip) A ® [NI} e Rp/xpr+Jm).
' v N (19)
Ty =T prir-—n) = K{ I } ® Ip) s (L) a:(g-m) ® U} c Rp/x(erer(J=r),

To simplify our notation, we re-express the partial log-likelihood in (17) as £ : R /" — R

with
J )

=22 / 200 (8) — Log Ry {5, b3y (B)} | dNGy(s),

=1 =1

where for any 3 € RP"*"/_ with a slight abuse of notation, we redefine b : R+ 5 RP,
b;)(B) = By ©1,)By € R, (20)

with ,8‘7(7_) and By as defined in (18). In the above notation by (a) = b, for all j € [J].
Next, define

T(j) 7(4)

) =Y xeimals),  F(s Z T8 (@G — &0 (8)) (2 — By (5))
=1

Ly > s) exp(@ ()i b))
R;(s,bij))

and 7 )(s) ==

Letting
G = R {0} x ... x {0}, (21)

7.2




in Lemma E.1, we show that for any v € G, we can write
log R(jy{s, bg)(a+v)}—log Ry {s, b (@)} = &(j)(s) v (a, v) (22)
+ %’Y(j)(a» V)TF(j)(S)’Y(j)(aa v) + r(j)(7(j)(av v),s),
where b;)(-) is as defined in (20) and
-

Y4) (a’ y) — b(j)(a+y) — b(])(a) = (VV(]-) ®[p)al~] + (a‘I,(j) ®Ip)l/fj + (V—‘;(j) ®[p)1/ﬁ (23)

Note that for j > J —r, we have ;) (a, V) = (Vg)((jp-p+1),jp Since in this case, vy, =0
J
(by (21)) and Ay =€) Thus we have that
J

L'(w) =L (et v/vi) —Lia)
- ZZ/ (@) — j(j)(s))T'Y(j)(a,y/\/ﬁ)dN(j)i(s)

J ) L 1

[_V(j)(oh v/vn)"F ) (s)vg)(a,v/vn) — g (v,(e, v/v/n), 5)} dN(j)i(s)

2
7j=1 =1
J J n
- Z \/ﬁaa)’)l(])(a’ V/\/ﬁ) - Z 57(])(617 V/\/E)TD(j)’Yj(av U/\/ﬁ)
J=1 j=1
J ") L
D) B ATV VAR
j=1 i=1 70
J J J
=2 a(Tj)<V‘T~’<j) @ h)ag+) a(TJ)(O“I/(j) @ Lvg+n Y a(Tj)(VXI/(j) ® Lvg
Jj=1 7j=1 j=1

.
L, @ hvg) Dy(vy ©L)ag+(ay @ l)vg)

1 J
- = Z ((V‘I/(j) ® ]p)'/ﬁ)TD(J') ((V—‘E/(j) ® ]p)aﬁ + (a—‘;m ® ]p)’/ﬁ>

n “
7j=1
1<, T .
5, > ((wy, ®@Lvg) Dy(vy ©L)vg)
=1
J "G AL
- Z /0 T'(5) (7(j)(a’ V/\/ﬁ)a S)dN(])z(S);
71=1 =1

L "(3)

L
1)(8))dN(ji(s) € R?, and Dyj) :=n"" Z/ Fj)(s)dNg(s) € RFE.
0

i=1 V0 i=1

8
=
|
3
|
Z
[\]
b
—
B
N
8l



Note that the scaling above is with respect to the n = Zj L (- Defining

(V) = n'/? Z G(Tj)(V‘I/(j) ® Ip)’/fj - % Z ((V‘I/(j) & ]p)VfJ)TD(J‘)((V% ® Ip)’/f])
J ) "
—ZZ/ 1) (g (@) ). £) NGy () )
Z ~)TD(J')((V% ® I))ag + (a‘;m ® ]p)’/f])>

observe that £*(v) is a quadratic in v with the following expression:

~ 1
L¥(v) = Av — §VTQV +ra(v), (26)
where
J T
Zj:l a'(T)(O“T7( ) ® Ip)
N alyvec ! (ag) . g 7 N .
A= ag,vee™ (ag) = (@), ap), -5 ag) [([ I } ®[p) ,L,@U} =AT,
:_ A ; >
alj,vec ! (ag)
with
AT = (a?—l),a’é), ,azj)), (27)
and T as defined in (19). Moreover, @ can be expressed
Z}']:1(a‘T~, b ® Ip)TD(j)(ag(j) ® Ip) (O‘g(l) ® Ip)TD(l)ﬁ e e (O‘gu) ® Ip)TD(J)ﬁ
U D Vo, ©1) U DU 0 0
~T ~T ~
Q= U D(Q)(a‘l/@) &® Ip) 0 U D(Q)U
: : 0 - 0
i el 0 0 U' DU
U D(J) (0‘7(]) X p) cee (J)
and
D := BlockDiag{D;}]_, € R*/**/, (28)

so that we may alternatively write Q more compactly as
Q=T"DT.

Since v € G has r? constrained coordinates, we will now rewrite the (centered) partial
likelihood in terms of the free coordinates, which we denote by n € RPr+7¢/=") je. vT =

10




(n",0,;). Thus writing (26) as function of n, we get

L(n):=Lv)=A"Tv - %VT(TTDT)V + 1, (V)
(29)

1
=A'"T\n- 577T(T1TDT1)77 +7.{(n",0%)"},

where A, D, and T are as defined in (27), (28), and (19), respectively. Letting 1 be the
maximizer of £(-) (note that this is unique), (26) and Lemma E.1 imply

~ 1 N N ~
L(Opirs-n) =0 < AT = 57 (T DT +ra{(@',02) " = L), (30)

We will now show that ||9||2 = O,(1). Recall that by consistency of the rank constrained
MLE (Lemma D.1) we have that

71l

N = 0,(1).

Thus by (37) (Lemma E.1), we have that
ST aTAT 13, 3l | (%l 17l )"
2 - 1
r{(M ,0,2) } Op<\/ﬁ+ - +\/ﬁ + NG

B BN 13 Y PO A -
=op<||n||% nhe s BRI () || ) = etimle)

Suppose ||77]]2 — oco. Dividing (30) by (1 + ||77]|2)?, by the above display we get

n 1(T%) T D(Tn 2
0< AT, ] (T1m) (m)+0p(( IEz1lEs )

(I+1mll)* 2 (1+[nl)? 1+ [nll2)?

As [[7]]2 — oo, we have [|7]la/(1 + [[7]l2)* = 0,(1) and thus 0 < 7 (T DT1)7/(1 + [|7]|2)* <
0,(1), but this is a contradiction as the smallest eigenvalue of T'] DT is bounded away
from 0. Thus we conclude that ||7]]2 = O,(1), which proves y/n-consistency of 7. Hence
ra{(@",05)T} = 0,(1), thus we have

(31)

o 1 R
L) =ATTn— §TITT1TDT17I + o, (1).

Below, we will establish the following the three results:
(R1) T1n = T,(T|DT,)"'T| A+ o,(1).
(R2) vn{vec(Baip/ym — Bu)} = Tin + Op(n™'2[0][3) = T17) + Op(n~?).
(R3) For every pair (U, V) such that B, = UV'", we have
Ty(T{ DT1)"'T1 = Tw.v)(Twv)DTwwv) Twwv),

where

T(U,V) = [V@[p,[J®U] . (32)

The main result then follows from an application of Slutsky’s theorem in conjunction
with (R1), (R2), (R3), and the asymptotic normality of A in Lemma E.2.

11



Proof of (R1).

Defining H := T,(T| DT,)"'T| A, we get H' DT, = A"T,(T| DT,)"'T,DT, = A'T,.
By completing the square, it follows that

~ 1 R
L(n) = AT - énTTIDTﬂ? + 0p(1)
1 -
— H'DT.7j — EUTTIDTln + 0,(1)
1 1 1 (33)
— H'DT\5j — 5ﬁTTIDTlﬁ - 5HTDH -+ QHTDH +0,(1)

1
~H"DH +0,(1).

1 ~ ~

Next, let n = (T} DT,)"'T] A, by (29), we have that

o 1 _ N
L(n)=ATTn- 5"7T(T1TDT1)?7 +r.{@, 05T} (34)

By Lemma E.2 we have that ||9]|]2 = O,(1). Thus (34) and (31) implies
£() = AT — 57 T DTiii + 0,(1)
= A'T\(T|DT,)'T] A - %HTDH + 0,(1)
= A'T\(T| DT, (T DT\)(T| DT,)"'T] A - 2HTDHjuopu) (35)
— H'DT,(TDT,)"'T] A — %HTDH + 0,(1)

1 1
= H'DH — 5HTDH +o0,(1) = 5HTDH + 0,(1).

As o+ (ﬁT /v, OIQ)T lives in the constrained parameter space and 7 is the rank constrained
MLE, we have that £(7j) > £(7). Combining this with (33) and (35) we get

1 B N _
—§(T1n ~T(T,DT,)'T A)"D(T\n — T(T| DT,)"'T,A) + 0,(1) > 0.

Proof of (R2).
Defining o := (',0,)7, We will now relate D to /n{vec(B a+p/yn — B*)}. Recall that

o = (vec(U)T Vec([V LT and adv/v/n = {(Vec( ' vec([V LD +(n',05%)/v/n) T
Observe that
Vil(Bays)yn — BY) = Vi{ (U + vee  (Gig) V)V +vee Gig) /v, 1] - UV 1]}

= VeC_l(ﬁﬁ>[‘7T7 L]+ ij[vec_l(ﬁ‘;), 0] + Vec_l('ﬁﬁ)[vec_l(ﬁf/)v 0,,]/v/10,
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where, for example, vec™ (o) = U and vec '(ayy) =V . Notice

~ \rer T ~ 1 =T ~ NP ~
vee {vec (iig)[V ', 1] + Ulvec (G, 0, | = (V' L] @i+ (100) (i3,,0%)" = T1i,
and thus, with T defined in (19) we have (R2).

Proof of (R3).
Let us consider any pair (U, V) where U € R?*", V € R’*" such that B, = UV '. Note

that (U, [VT, I,]") is one such possible pair of (U, V). Recall Ty vy = [V ® I,,1; @ U] as
defined in (32). It is easy to see that col(T' vy) = col(T), i.e., the column space of T v
and T are the same for all (U, V') such that B, = UV . Hence, it follows immediately that

T\(T|DT,)'T\=T(T'DT)'T =Twyv) (T(TU,V)DT(U,V)VT(U,V).

D.2 Proof of Theorem 2

To prove that the asymptotic variance of Er* is less than that of the unconstrained MLE,
notice that

avar[y/n{vec(B — B,)}] — avar[\/ﬁ{vec(f?m — B.)}|
- D' -T,(T,D,T,)"'T,
= D;'*{I,;, - DV*1\(T| D, T,)"'T,DY*\ D"/,

Then, since I,; — DY*T(T] D, T,)""T,D? is the projection onto the orthogonal com-
plement of the column space of DY?T', it is positive semidefinite. Thus avar[y/n{vec(B —
B,)}] — avar[y/n{vec(B,, — B.)}] is positive semidefinite. The conclusion follows from the

fact that for any positive semidefinite matrix Q, E' QE > 0 for matrix of basis vectors in
Rr/ E € R7>P/,

E Auxiliary lemmas

In this section, we prove two lemmas used in the proof of Theorem 1.

Lemma E.1. Recall R(;) and b(;)(-) defined in (16) and (20), respectively. Under assumptions
of Theorem 1, we have

log Rj) (s, by (e + v)) —log Ry (s, by (ax)) (36)



Furthermore,

_ [ | e L ]2
rn(u)_Op(ﬁJr . +\/ﬁ{1+<\/ﬁ)D, (37)
where r,,(+) is defined in (25).

Proof. Recall that for every 3 € R?,

"(35)
R (s,B) = Z Ly > 5) exp (2 (;,8).
=1

The main expansion in (36) follows directly from differentiation and a Taylor series expansion.
We will now prove (37).

Lemma A2 of Hjort and Pollard (2011) allows us an expansion of log R(; (s, by (a +
1/)) = log R; (s,b(j)(a) + 'y(j)(a,l/)) around log R; (s,b(j)(a)). For each j € [J], using
w; = 1(y(jy > 9) exp(:c(Tj)ib(j)(a)), a; = sc(Tj)ﬂ(j)(a, v), and t = 1 in Lemma A2 of Hjort and
Pollard (2011), for all j € [J], we get (36) where

7o) (Vg (@ ), 8)| < - max (@) — &5 (s)

’L<TL( )

< 2 K |lv) (e v)l3

SJEP el + v ]3).

’Y(j)(a, V)fg

QO = Wl = W >

where K is the absolute bound on the predictors and the last inequality follows by an
application of Cauchy-Schwarz inequality on (23). Thus

3

(a V/\/_) )dN(j)i(S)

6 J

( oo 12 )ZZ (s

o (2o 2 + H:ll%)
(e [4]))

In Lemma E.2, we show that A = (a(}y,aly, -~ ,a(;))" = Oy(1) and Dj) = Oy(1). Thus (37)
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M
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follows by observing

J
nYaly vy © Lvg = 0yn ),
=1

J
1 - .
5o 2 (], @ Lvg) Do (v ©Lvg) =O0pn |v]3),
7j=1
J
T j—
Z vy, ®Lvg) Dy(lvg, ©h)ag+(ag ®Lvg) =0y~ Zv]f3). O

Lemma E.2. Under assumptions (A2) — (A7),
P d
D(j) — /i(j)D*(j) and A— N(O, D*),

where A and D are defined in (27) and (28), respectively, and D, ;) := fo s)dH;)(s),
D, = BlockDiag{n(j)D*(j)}jzl, with k() is defined in (A5), and D,y is the populatzon
information matriz for the jth population (when analyzed independently of the other J — 1
populations), i.e., E(j), the unconstrained MLE for b, (), has the following property

d _
VTG (bg) = bagy) = N(0, D).

Proof. Recallthat A = [al,),aly, -, al,]", where ajy = n~'/? S fo Z (i~ ;)(5))dNji(s) €
RP, see (24). By assumption (A7) and the proof of ( ) in Theorem 6.1 of HJort and Pol-
lard (2011), we have that nD;/ng, — D.y). Define C(jy := {n/ng}"/?a;. Then by
proof of Theorem 6.1 of Hjort and Pollard (2011) (see (6.8)-(6.10)), C; N N(0, D.j)),

thus a; A N(0, k(;yD+(;)), by Slutsky’s theorem. Furthermore, as the J populations are
independent by (A6), we have that cor(a;), a¢)) = 0, from which the result follows. O

F Additional simulation studies

F.1 Weighted partial likelihood estimator

At the suggestion of a referee, we considered an alternative estimator based on a sample-size
weighted partial log-likelihood. In particular, we also considered the estimator

argmin {—~£Y(B) + | B2} (33)
BeCrNAs

where C,, Ay, and u are as defined in the main manuscript, and

J ()

cV(B) Z Zéu az(Tj — log { Z exp(x ;b)) }

KER (j)i
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Figure 1: Comparison of (3) versus (38) for estimating the entire coefficient matrix B, under
the data generating model described in Section 5.1 of the main manuscript.

is the weighted partial log-likelihood. The estimator (38), in contrast to (3), scales each
populations’ contribution to the log-likelihood by its sample size so that each population
contributes to the partial log-likelihood in an approximately equivalent manner. In this
section, we explore how (38), which we call LR-Cox-Weighted, compares to (3) under the
same data generating models considered in Section 5 of the main manuscript.

Results are displayed in Figures 1 and 2. In Figure 1, we see that (38) performs substan-
tially worse than (3) in all three metrics. As rank(B,) increases, (38) begins to perform worse
than Convex-Approx (not included in Figure 1, but can be seen in the main manuscript).
In Figure 2, we compare model errors for the coefficient vectors b,(j_2), by(s-1), and b,y
which correspond to populations with sample sizes 100, 200, and 300, respectively. In Figure
2, we see that sample sizes tend to affect errors more substantially for the estimator (38)
than they do for (3). For example, the model error of (3) in population (J — 2) is more than
double that in population J. This is not the case for (38): errors are nearly equivalent across
all populations. However, this is a moot point since in each population, (3) significantly
outperforms (38).

F.2 Sensitivity to the choice of rank

In both our simulation studies and real data application, the rank parameter, r, along with
the number of predictors to include in the model, s, were both chosen by cross-validation.
A referee suggested we examine consider how (3) performs if one overspecifies the rank and
tunes only s. We did exactly this under the same simulation settings as those in the top panel
of Figure 1 of the main manuscript. Specifically, in Figure 3 we display results for our method
with (7, s) chosen via a validation set (LR-Cox-CV); and our method with s chosen using
the validation set and r € {1,2,3,5,7} fixed (LR-Cox-1, LR-Cox-2, LR-Cox-3, LR-Cox-5,
LR-Cox~7, respectively). Interestingly, we see that the tuned version of our method tends to
perform similarly to the version of our method with correctly specified rank. It is notable
that the version of our method with r = 7 — which is overspecified in every setting considered
— does not perform much worse than our method with r chosen to minimize the validation
likelihood. This would suggest that if one has a reasonable sense of the rank of B,, slightly
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Figure 2: Comparison of (3) versus (38) for estimating estimating (left) b, (), (center) b, ;_1),
and (right) b,(;_») under the data generating model described in Section 5.1 of the main
manuscript. For b,(;), model error is defined as =Y *(bu —5( )13, and similarly for b, ;_1)
and b*( J—2)

overspecifying r and tuning only s may be a reasonable approach if computing time is an
issue.

F.3 Alternative data generating models

In this subsection, we perform additional simulation studies to analyze the performance of
our method when there are varying degrees of cancer-specific and shared factors. In each
of the studies, we generate data from a model in which some factors are relevant to only a
subset of populations (e.g., cancer types). Throughout this section, for a set S C [p], we use
Cs.. (resp. c¢s) to denote to the submatrix (resp. subvector) of C' (resp. ¢) consisting only of
the rows (resp. elements) indexed by S. In each of the following models, Model A-C, we set
r, = 6. As in the main paper and in the earlier simulations considered in this Web Appendix,
for each of the model, we simulate one hundred independent replications, we generate survival
times under the Cox proportional hazards models for J = 12 distinct populations. In each
setting, we generate n(l) = n(4) = n(7) = n(lo) = 100, Ne) = n(5) = n(g) = n(ll) = 200, and
ne) = N = N = N2y = 300 independent failure times for each population. Here, we fix
1 =1 and py = 50 for our method, and use all other methods as they are described in the
main manuscript.
The first model we consider is Model A.

— Model A (Partially shared factors, distinct predictors): We partition the J = 12
populations into two groups of size J —q and ¢ for g € {1,...,5}. We randomly select 20
of the p predictors to be relevant: 10 predictors are relevant for the first group and second
group, respectively, and these sets are mutually exclusive. Let these sets of predictors
be denoted S; and Sy. Then, we set (bary, ..., bu—g)s, = V(T —q)/2} - U V|
where U, € R**(=1 has iid entries from Uniform(1,2) and V; € RV=9x(n=1) i5 5
randomly generated semiorthogonal matrix such that V|V = I, _;. We set all other
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Figure 3: Model error, concordance, and Brier score for our method with (7, s) chosen via
a validation set (LR-Cox-CV); and our method with s chosen using the validation set and
re{1,2,3,5,7} fixed (LR-Cox-1, LR-Cox-2, LR-Cox-3, LR-Cox-5, LR-Cox~7, respectively).

entries of (bs(1), - - ., bu(s—q)) equal to zero. Separately, we set (by(j_g11),- - - bs12))ss, =
(v/4/2) - U,V where U, € R'%! has iid entries from Uniform(1,2) and V', € R¥*! is
uniformly distributed on the unit sphere. All other entries of (by(j_g11),- -, bs(12)) are
set equal to zero. The matrices U, and U, are generated entirely independently, as are
V,and V.

Under Model A, J — ¢ populations share r, — 1 common factors and ¢ populations share one
common factor, but no factors are shared between the two groups. Also, the factors for each
of the two groups depend on entirely distinct sets of proteins. We consider g € {1,...,5}
with p = 500 and p € {100, 200, ...,500} with ¢ = 3.

We present results for 100 independent replications under Model A in Figures 4 and 5.
In Figure 4 we see that with p varying and ¢ = 3, and with ¢ varying and p = 500, our
method substantially outperforms competitors in terms of model error, concordance, and
Brier score across the J populations. In Figure 5, we examine how each method estimates
individual columns of B, focusing on b,(j), b.(j-1), and b,(;_3). We see that even though
these populations share only a single factor with one another, our method outperforms all of
the competing methods.

Next, we consider another data generating model, Model B.

— Model B (Partially shared factors, partially shared predictors): We partition the
J = 12 populations into two groups of size eight and four. We randomly select 15 of
the p predictors to be relevant. Then, we randomly allocate these 15 predictors into
two sets of ten elements each, §; and Ss, such that cardinality of their intersection is
five. With ¢ € {1,...,5}, we set (buq1), - .., bug))sr. = (/(r« — q)/2) - U V| where
U, € RI9%(=9) gnd V; € R®*(==9 in the same manner as in Model A. All other
entries of (b.),...,bys)) are set to zero. Separately, we set (b.(),...,b.12))s,, =
(V/4/2) - U3V, where U, € R'%%7 and V, € R**? are generated as in Model A. The
matrices U, and U, are generated entirely independently, as are V1 and V5.
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Figure 4: Average (plus/minus two standard errors) model error, concordance, and Brier score
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under Model A.
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with (top row) (p, q) € {100,200, ...,500} x {3} and (bottom row) (p,q) € {500} x {1,...,5}
under Model B.

Under Model B, eight populations share r, — ¢ common factors and four populations share
g common factors, but no factors are shared between the two groups. Important predictors
are partially shared, but each of the two groups of populations have five important predictors
which are irrelevant for the other group.

Results based on 100 independent replications are displayed in Figures 6 and 7. In
Figure 6, we see that LR-Cox outperforms all competitors in all scenarios considered. When
examining the results in Figure 7, we see that Sep-Lasso performs nearly as well as LR-Cox
for estimating the Jth population’s regression coefficients (in terms of model error), but for
the smaller sample size populations (e.g., the (J — 1)th and (J — 2)th) our method more
substantially outperforms Sep-Lasso.

Finally, we consider Model C.

— Model C (Distinct factors, partially shared predictors): We partition the J = 12
populations into two groups of size J —t and ¢ for ¢ € {0,1,...,4}. We randomly
construct sets §; for [ € {1,...,t + 1} so that &; consists of ten randomly chosen
elements of [p|, and S; for [ > 1 consists of five randomly chosen elements of S
and five randomly chosen elements of [p] \ S;. Then, we set (b.q),...,bysp)s,, =
(v (J =1)/2)- U, V| where U; € R1*(==8 and V| € RV-9x(~=1 i the same manner
as in Model A. All other entries of (b1, ..., b.—)) are set to zero. Finally, letting
[=1—(J—t+2),forle{J—t+1,...,J}, weset b.(s; to have entries which are iid
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Figure 7: Average (plus/minus two standard errors) model error for (left) b, s, (center)
b.(s-1), and (right) b,(s_2) with p € {100,200, ...,500} and ¢ = 3 under Model B. For b,(;,
model error is defined as ||El/2(b*(J) — b(y)|3, and similarly for b,;_1) and b j_2).

Uniform{[—2v/2, —v/2] U [v/2,2v/2]}. All other entries of the b, are set to zero.

Model C is essentially the worst case scenario for our method. In particular, ¢ populations do
not share any factors with the other J — 1 populations. Moreover, each of these ¢ populations’
factors depend on a partially distinct set of predictors.

We display results for 100 independent replications under Model C in Figures 8 and
9. In Figure 8, we see that when ¢ is relatively small, our method outperforms the com-
petitors. When ¢ is larger (e.g., t > 3), we see that LR-Cox can be outperformed by
Sep-Lasso, Proj-Sep-Lasso, and Convex-Approx. In terms of estimating the population-
specific regression coefficients, we see that LR-Cox is significantly worse than Sep-Lasso
and Proj-Sep-Lasso in both populations with n;) < 200. This is not surprising given that
these populations do not have any factors in common with the other J — 1 populations, so
our method may impose unhelpful bias relative to the methods which fit a model for each
population separately. In these extreme cases, it may be helpful to also tune p, since evidently
both Sep-Lasso and Proj-Sep-Lasso benefit from shrinkage.

F.4 Additional performance metrics

In this subsection, we provide additional results from the simulation studies detailed in
Section 5 of the main manuscript. Specifically, in Figure 10, we display results using mean
squared error, ||B — B,||%/(pJ), as a performance metric for each of the six methods under
the different scenarios represented by each row of Figure 1 of the main manuscript. In Figure
10 we see that with p fixed, the relative performances in terms of mean squared error mostly
agree with those using model error as the performance metric. The main difference comes
in the right-most panel of Figure 10, where mean squared error decreases as p increases.
This is because model error (as we define it), | V(B — B,)||%, does not adjust for the

dimensionality p as does mean squared error | B — B.||%/(pJ).
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Figure 9: Average (plus/minus two standard errors) model error for (left) b, s, (center)
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under the data generating model from Section 5.1 of the main manuscript.

G Additional real data analysis results

In this section, we perform additional analyses to assess whether our method leads to improved
estimation accuracy on each of the five most rare cancer types analyzed in Section 6 of the
main manuscript. These are PAAD, ESCA, LIHC, CESC, and GBM, whose sample sizes are
105, 126, 184, 171, and 205, respectively.

For each of the cancer types of interest, we performed leave-one-out cross-validation.
Specifically, for each i € [n(;)| separately, we fit the model using all the data (from all cancer
types) except the ith subject from the jth type. Tuning parameters were chosen by five-fold
cross-validation on the training data. Then, with the fitted model, we obtained an estimate
of w(Tj)ib*(j), which we call ¢(;);. Once we have done this for each of the n; subjects, we
compute (a) the concordance between the estimated linear predictors {(E(j)l, e gg(j)n(j)} and
the true event times in the jth dataset; and (b) the linear predictor score, which we define as

"(5) n

-9 Z 8.7y log exp(¢)i)
7)i ~ )
i=1 KER ;i exp(Pj))

e.g., see Dai and Breheny (2019). To be clear, each g/g(j)i is computed based on a model fit
to data which excluded the ith subject with the jth cancer type. Of course, lower linear
predictor score would suggest a better model fit.

We did this using our method, LR-Cox, and the three competitors: Sep-Ridge, Sep-Lasso,
and Sep-En. Note that the three competitors do not use any information from the other
cancer types when fitting the model. Results are displayed in Table 1. Here, we see that
LR-Cox outperforms the three competitors in terms of concordance in four of the five datasets.
However in one dataset, ESCA, none of the methods have concordance above 0.5, which
corresponds to randomly guessing the order of the linear predictors. Similarly, LR-Cox
outperforms competitors in the same four of five datasets in terms of linear predictor score.
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Table 1: Leave-one-out cross-validated concordance and linear predictor scores for the four
considered methods across the five considered datasets. Bold cells are those with highest
concordance or lowest linear predictor score.

Concordance Linear predictor score
PAAD ESCA LIHC CESC GBM PAAD ESCA LIHC CESC GBM

LR-Cox | 0.675 0.405 0.689 0.704 0.635 206.148 268.592 496.469 432.391 560.993
Sep-Ridge | 0.560 0.492 0.574 0.613  0.609 211489  264.459  510.781  444.691  564.757
Sep-Lasso | 0.575 0.500 0.586 0.461 0.571 219.049  263.538  507.540  455.385  569.579

Sep-En | 0.601 0.500 0.556 0.616 0.601 210.677 263.260 509.164 440.337  564.893

Taken together, these results provide strong evidence that our method can yield positive
findings, even on the rarest cancer types included in our real data analysis.

H Comparison to sparse reduced rank regression

The method of Chen and Huang (2012) assumes the data {(y,,x;)}?, consist of a ¢-
dimensional (continuous) response variable y; and p-dimensional predictor «; for i € [n]. The
goal is to estimate 3, from the model which assumes vy, is a realization of the random vector

Blz;+e, e €RI E(g) =0, Cov(e) €S,

for i € [n] and assumes that 8, = UC for C € R™*% and U € RP*"* where r, < min(p, q).
Sparse reduced-rank regression, as proposed in Chen and Huang (2012), assumes U is
row-wise sparse. Letting X = (z1,...,x,)' € R Y = (y,,...,y,) € R and
U2 = 227_, IUj,.|l2, the estimator of (U, C) proposed by Chen and Huang (2012) is

argmin  {||Y — XUC|} +~||Ull12} subject to cc' =1,
UERpXT CERT ¥4

or equivalently, letting C' = (c1,...,¢,) € R"™*? and Y. ; € R" denote the jth column of Y,

q
arg min {Z Y., — XUc|3 +7||U||1,2} subject to CCT =1, (39)
j=1

UERPXT,CERTX‘Z

for which they develop an efficient optimization algorithm. Here, both r € {1,2,3,...} and
~v > 0 are user-specified tuning parameters.

Now, let us consider applying this approach to the regression problem with J distinct
populations. Assuming the jth population has n(;) subjects, each with univariate and
continuous response y;); for ¢ € [n(;)] and p-dimensional predictor x;);, the analog of their
estimator would be

J
arg min {Z”ym—X(j>UCjH§+AHUH1,2}, cC' =1, (40)
j=1

UERpXT CERT ¥4

where y(;, = (y()1, - - - ,y(j)n<j))T and X ;) = (@1, - - - ,az(j)nm)T € R"0*? for j € [J]. The
estimator in (40) can be characterized as (39) only if X ;) = X ;) = X for all j # j'. The
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optimization problem in (40) is especially challenging relative to (39) because each component
of the residual sum-of-squares depends on a distinct design matrix X (;), so the computational
approach developed in Chen and Huang (2012) cannot be applied directly. The same basic
issue arises in applying the method of She (2017) in this context. Moreover, neither of their
theoretical results apply to (40) in general.

Extending these approaches to handle J populations with censored survival outcomes leads
to further complication and would also require a new algorithm and theoretical framework.

I Details on low rank decomposition of B,

In Section 6.2 of the main manuscript, we claim that when J = 18, s = 20, and r = 6, there
are 192 parameters to be estimated. This follows from the fact that for a rank r matrix

A € R the decomposition A = UV ", where U € R**" and V' € R"*", is nonunique. To
make such a decomposition identifiable, it suffices to define

-(7)

where Vj € RO~ is unconstrained. This way, one need only estimate U and V so that
there are ar + (b — r)r = ar + br — r? parameters needed to define A. A more rigorous proof
of this result—that an a x b matrix with rank r is defined by ar + br — r? parameters—relies
on the fact that such a matrix has r nonzero singular values, and r distinct pairs of singular
vectors (which are subject to orthogonality and unit length constraints in R® and R?). For
example, see Section 2.3 of Velu and Reinsel (2013).

In our context, since J = 18, r = 6, and s = 20, this means we need only estimate the
parameters of a rank r matrix Bs. € R**/, the submatrix of B whose rows are nonzero. By
the logic above, this means we need only estimate sr + Jr —r2 =20-6 + 18 - 6 — 62 = 192
parameters.

As a simple example, take B, the 6 x 5 matrix with rank 3 given by

-1.19 -0.33 —-1.45 —-0.50 —-1.00
—-0.26 —-0.36 —2.88 0.26 —-1.93
—-237 033 0.73 —0.86 —0.47

194 074 142 130 0.55
=273 1.13 020 0.02 =221
-190 0.15 0.51 —-0.80 —-0.27

B =

Based on the discussion above, we can express this matrix in terms of U € R%*® and
Vo eR>as B=UV' =U[V{,I,]=[UV,, U], from which is it easy to see U = B,[3.),
and V= U+B*[,1:2] so that

145 —0.50 —1.00
283 026 —1.93 057 046
0.73 —0.86 —0.47

U V= 161 0.26
1.42 1.30 0.55 120 —0.47
020 0.02 —2.21 ' '

0.51 —-0.80 —-0.27
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Figure 11: Five-fold cross-validation linear predictor scores from the real data analyzed in
Section 6.
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