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An algorithmic framework is presented for optimising general convex functions
by non synchronised parallel processes. Fach process greedily picks a suitable
adaptive subset of coordinates and runs a bundle method on a corresponding
restricted problem stopping whenever a descent step is encountered or predicted
decrease is reduced sufficiently. No prior knowledge on the dependencies between
variables is assumed. Instead, dependency information is collected automatically
by analysing aggregate subgradient properties required for ensuring convergence.
Within this framework three strategies are discussed for supporting varying scen-
arios of structural independence: a single convex function, the sum of partially
separable convex functions, and a scenario tuned to problem decomposition
by Lagrangian relaxation of packing type constraints. The theoretical frame-
work presented here generalises a practical method proposed by the authors
for Lagrangian relaxation of large scale packing problems and simplifies the
analysis.
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1 Introduction

Let f: RM - R, M = {1,...,m} be a non-smooth, convex function specified via a first
order oracle, i. e., given a point y € RM the oracle returns the function value f(y) and a
subgradient g € 9f(y) at y. We consider the optimisation problem
minimise f(y), (P)
subject to y € RM.

Bundle methods are an established tool for solving such optimisation problems [I [6]. In a
nutshell, they collect subgradient information from the set

W = conv {(L,g): L= f(y) — {9,9).9 € 0 (y),y € RV},
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and, based on this, they determine, in minimal form, an appropriate aggregate w = (I, g) €
W giving rise to a cutting plane model consisting of a single affine minorant

foly) =1+ Gy) < fly) YyeRM

With respect to a current centre of stability § a next candidate is determined by
_ . P ~ M N _
g = argmin{fo(y) + §lly — 9l1*: y e RM} = § — 17,

where the (here fixed) weight u > 0 penalises the distance to §. The actual progress
f(9) — f(y) is then compared to the predicted decrease

A

A@,5) :=1(5) ~ fa@) = 1) — fald) + gl 2 0.

If the actual progress achieves a fraction of at least p € (0,1) relative to this predicted
decrease, the method performs a descent step by setting ¢ < 3. Otherwise, in a null step,
9 remains unchanged, but the new subgradient information is used to update w so as to
ensure a significant reduction in A(w, §). Our method relies heavily on the following result.

Theorem 1. (e.g., Theorem 9.15 in [1]) Let §* and AF denote the centre and predicted
decrease in iteration k of the bundle method, then f(j*) — inf f. Moreover, if the method
generates a finite number of descent steps with §¥0 = §F for k > ko then §* minimises f
and the sequence (Ak)k>k0 s monotonically decreasing to 0.

The parallel bundle method proposed here extends and simplifies the analysis of the parallel
bundle approach for Lagrangian relaxation presented in [2]. It consists of a main routine
(Algorithm (1) that initialises and manages access to global data and maintains a number
Ni € {1,...,|M]|} of parallel processes performing the actual optimisation independently
and asynchronously. To provide a brief sketch of the main idea, the global data includes
an access index o € Ny, the current centre §(°), the aggregate w!?), the corresponding
predicted decrease A7) = A(u‘)<"> , zj<">)7 as well as some automatically updated dependency
(5()) and blocking information (B{?)) to be explained later. Each parallel process 7 started
by the main routine performs the following three steps.

1. Subspace selection. Securing exclusive access to the global data at some access
index ™ = o, process 7 tries to reserve an unblocked subset of coordinates J(™ C M
defining an affine subspace

LT, ) = 5 + span{e;: j € T} = {y € RM: ypy o = G55y b

so that, according to current dependency information, optimising f over £(J(™, (@)
promises a significant share of A This will always be possible for at least one process. If
this fails due to blocking conditions, 7 frees access again and stops immediately without
having modified any data (a new process may be restarted once the global data is changed
in the third step by some other active process). If successful, it marks the coordinates J (m)
as blocked in the global data, retrieves all information needed for setting up an independent
convex subproblem aimed at, but not necessarily identical to, optimising f over £(J (m) gj@),
increases the access index ¢ and frees global access.

2. Subspace optimisation. Process m forms the subproblem and optimises it by a
separate bundle method. This is done without any global interaction. It stops (in finite
time) if the progress on the subproblem guarantees a descent step for f with respect to the



global situation encountered initially by 7 at access counter , or it stops if the reduction
in predicted decrease on the subproblem enables 7w to update the global aggregate so as
to significantly reduce the global predicted decrease encountered at 7. In hindsight these
properties may fail to hold if the initial dependency information turns out to be incorrect,
which must be checked in the next step.

3. Subspace update. This final step of process 7 starts by securing exclusive access to
the global data, granted at some access index © = ¢ > 7, and checks whether the solution
computed for the subproblem matches expectations in view of the new global situation. If
this is not the case, additional tests ensure that this is either due to intermediate changes
in the relevant global data, or that it results in adaptations of the dependency information.
The process modifies the global data accordingly, frees its own blocked subspace, increases
the access index o, and checks whether the new global data satisfies a global termination
criterion (by the usual lack of progress criterion AT+ < (| f(7+1))| + 1) for some fixed
e > 0). In case of global termination, all processes are stopped immediately and the
algorithm ends. Otherwise 7 frees exclusive access and only stops itself (alternatively, the
process may be restarted with step one).

Two main challenges are associated with the proposed algorithmic framework. The first
consists in establishing weak requirements on the properties of subproblems, the automatic
generation of dependency information and blocking requirements that still allow to ensure
convergence of this non synchronised approach. After an introductory discussion of some
notational issues associated with the parallel mechanism in Section [2] this is fully addressed
in Section [3] The second challenge consists in describing appropriate subproblems and
automatic dependency generation schemes for practical problem classes of f that promise
computational advantages of this parallel approach by being able to locate and exploit
small independent subspaces allowing for partial evaluations. For this we will consider
three different scenarios of increasing complexity and increasing potential for practical
efficiency. First, we discuss a simple model for general convex functions in Section [l Next,
Section [5] considers optimising the sum of partially separable convex functions, where for
each subfunction the set of variables influencing it is supposed to be small and known.
Finally, Section [6] proposes a more involved algorithmic approach intended for large scale
models, where we now assume that the influence of variables on the subfunctions has yet
to be detected. This last approach is motivated by Lagrangian relaxation of packing type
constraints. A description of a practical implementation of the approach of the last section
as well as computational results on (artificial but realistic) train timetabling problems can
be found in [2].

Literature review. We give a short overview over existing parallelisation approaches
for convex optimisation, also see [2]. The most straight forward approach is to exploit a
separable objective function f(y) = >, < fr(y), which appears generically in Lagrangian
relaxation, e. g. [3, [7, [§], and evaluate each function f, in an isolated parallel process, see,
e. g., |9] for an example within a bundle algorithm.

Another approach are variable transformation algorithms [4] [11]. Similar to our approach,
these algorithms select a set of subspaces and compute new candidates on each of the sub-
spaces. Unlike our approach, however, they compute a new global iterate in a synchronised
step as a combination of the subspace candidates.

Incremental subgradient methods may also be developed into an asynchronous parallel
scheme. These methods change y according to the directions specified by the single
subfunctions f, in turn. In [10] this is extended to a fully asynchronous approach that only
requires that the number of iterations between two evaluations of the same subfunction is
bounded by a constant and each subfunction is evaluated asymptotically the same number



Algorithm 1: PARALLELBUNDLE

Input :Problem @, parameters
e 1 €(0,1),e>0
e Nipe{l,...,|M|}
Output : Approximate solution y € RM
// Initialisation
set 0+ 0, 719 <0, BO + ¢
set @0 = (110, 50 an initial minorant // requires a first evaluation
set A A, 50)
set S0 0 (or use some pre-specified dependencies)
1 if AQ <e(|f(5?)| +1) then
then do not start any process
set y « (O
return
// Main loop
while Less than Ny processes are running do
Start a new process m = (m,T) < (=1, —1).
Each process w performs the following steps independently
2 Subspace selection
Secure exclusive access to global data w < o
if SELECTSUBSPACE|(7) = FALSE then
// Step is unsuccessful

Free exclusive access to global data
STOP this process

(D) glatl) Glatl) Alrtl)) o (pim) gim glm Alm)
4 B+l . g@ y g

400,04 m+1

Free exclusive access to global data

Subspace optimisation
L Solve a subspace problem on J(™ yielding 7™ and @(™

5 Subspace update
Secure exclusive access to global data
T <O
// Set (w1 T+ §(F+1)) to the values computed.
6 UPDATESUBSPACE(m, (™, @(™)
compute AT+
7 Bl . g\ j(m)
oc+—m+1
8 if ATHD) < e(|f(57+1)| +1) then
set y « 9
TERMINATE all processes and STOP.
Free exclusive access to global data
| STOP this process .




of times (which is also the case in the “synchronised” approaches mentioned above).

In contrast to these approaches, our method has no explicit synchronisation or regular-
isation mechanism (e. g., our approach does no intermediate steepest-descent-like steps)
and has, in the case of a separable objective function, no restriction on the number and
frequency of evaluations of the single subfunctions. Indeed, the number of evaluations
may differ significantly and this may be a main source of computational efficiency. Our
framework ensures convergence via an automatic dependency detection mechanism between
subspaces.

2 The Parallel Framework

In this section we recall from [2] how parallelism works in the proposed method and how
we denote the different parallel subprocesses and their associated “local” data as well as the
shared “global” data. For each process the only interaction with, and particularly the only
change of, global data happens in the first and the third step. As in any parallel framework,
simultaneous writing (or reading and writing) to the (shared) global data from more than
one parallel subprocess must be forbidden using some locking mechanism. Because of this
there is a unique sequence of the interactions of the processes with the global data. Thus
we can assign each state of the global data a unique index o € INg. Each global object will
be denoted by a superscript o in angle braces (o).

Let m be a process. Because of the uniqueness of the global index we can equip m with
the two special index markers m and 7 that correspond to the global index when 7 executes
its subspace selection resp. update step.

For the analysis it will be convenient to arrange the processes in different groups for each
global index o € INg U {oo}:

{ <7
() .= {zr = (E,ﬁ) <7
{ <o

The first group I collects all processes that have successfully executed the subspace
selection step before the algorithm reached o, () singles out all processes that have
executed the subspace update step before o and the set 1) comprises all processes that are
actively working on or just finishing a subproblem at o, 7. e., these are running in parallel.
Note that the set II(>) is precisely the set of all processes that successfully selected a
subspace. Each increment of o by the algorithm is associated with the addition or deletion
of exactly one process from this set of parallel processes.

Observation 2. (Obs. 5 in [2]) The following relations hold.
(i) 114
(ii) for 0’ € lNo there holds TI') £ T+ 4f and only if |(IT@) \ TT@'+1) U (IT@'+1) \
)| =1,
(117) if H<"/> = I+ then for all o > o we have II'9) = 119" and there is no process ©
withm =0 or ™ =o0.
In particular, if TI(?) %+ (Y then there is exactly one process T with ™ = o or T = o.

By this observation, the following set collects the markers o € INg visited by the algorithm,
Y :={0}U{o e N: II{? #£ [1le-1},



3 The Basic Asynchronous Parallel Bundle Method

The main difficulty in the analysis of the algorithm is due to dependencies between different
subspaces. A subprocess improving the predicted decrease w.r.t. a certain subspace may
worsen the predicted decrease along other directions not contained in the subspace. If
this happens too often, the algorithm may not converge correctly. Therefore the parallel
bundle method automatically collects dependency information between subspaces. For
this, we use a finite, partially ordered set of states (8, <) with a unique maximal element
S € 8. The algorithm will change its current dependency state from S to S’ = S if some
bad dependency is detected. The selection of further subspaces and creation of subspace
problems working on these subspaces will be influenced by these states.

As long as the algorithm runs, the main process will start new subprocesses working
on different subspaces, in particular, each process m will select and work on a subset of
coordinates J(™ C M. The purpose of the subspace problem is to either create a descent
step along that subspace or reduce the global predicted decrease sufficiently. So the subspace
must be carefully selected in order to provide sufficient decrease compared with the global
expected progress. Furthermore, two different processes may influence each other if they
work on the same or “strongly related” subspaces. In order to choose subspaces so that the
mutual influence is small, the algorithm manages a set of blocked constraints B that may
not be selected by further parallel subprocesses. Putting all these ingredients together, the
algorithm handles the following global data

1. the global centre (%) € RM,

2. the global aggregated minorant @'”) = (I'?), g{*)) e W,

3. the global dependency state S{°) € 8,

4. the global blocked constraints B'?) C M satisfying B{?) = (g — J™),

We refer to the global expected progress w.r.t. the data at o by A9 = A(w<”>, @<”>).

The first main step of a process 7 is to select appropriate subspace problems. Formally,
any given current state S (@) current centre g)<"> and subspace J(™ determine a subspace
problem. Depending on the problem class of f and the corresponding choice of subspace
problems it will be necessary to discern strong and weak forms of dependencies between
subsets of coordinates. Strong forms of dependence of some coordinates J’ on a given subset
J will require to jointly optimise over J' U J whenever J is selected as initial subspace. If it
seems not necessary to include the coordinates together with J but no other process should
modify the values on J’ while J is optimised over then we speak of weak dependence. In
order to reflect detected or assumed dependencies between subspaces w.r.t. the current
state S, we employ two functions, a weakly dependent subspace function F; and a strongly
dependent subspace function Fp

Fx: 8 x2M 5 oM,
with
VS eS: Fx(S,0)=10,
VS eS8, JC M:JC Fx(S,J)
VS eS8, JJ CM: Fx(S,JUJ)=Fx(S,J)UFx(S,J),
VS <S8 €8 JCM: Fx(S,J)C Fx(S,J).

~ o/~
\)
—_— — ~— ~—

We will use the following short notation for the functions w.r. t. state S(?)

FY(J) = Fp(8', J), Fi(T) = Fy(S 7).



The subspace selection step will guarantee that for each two processes w # n € I1¢9) running
at o with corresponding subspaces J (™) and J™ there holds

J™ = Fé)@(J) for some J C M,
FE Y0 g0 =g = g q g2 (o), (5)

Finally, in order to allow different progress measures for subproblems in dependence on the
state, we assume that there is a subspace progress function

A:8x2M W x RM - R,
with
VSeS weW,jeRM: A(S, M, w,§) = Alw, 7). (6)

This function predicts the expected progress to be made by the subspace problem. Only
subspace problems that are guaranteed to satisfy and that have a large predicted
decrease compared with the global predicted decrease will be chosen.

3.1 Subspace Selection

The first step of a process 7 is the subspace selection step at access index w. The goal is to
select a subspace that predicts a large progress compared to the global predicted decrease.
Formally, the algorithm checks whether for a subspace J C M there holds

ASD | J o' 5@y > 1 AD (Sell)

for some parameter 71 € (0,1). Furthermore, all processes running in parallel must satisfy
. This is guaranteed by verifying

JAFE(B®) = ¢ =F®(J)nB@, (Sel2)

An important property is that it is always possible to select a subspace satisfying (Sell
and l} if no other process is currently running. In particular, if B{® = {j, th(in%
implies that J = M satisfies , and is satisfied trivially. These observations
motivate the following simple greedy algorithm to select an appropriate subspace. Starting
with an empty subspace J = (), we add further variables so that remains valid until
holds. If the set of blocked variables is empty, then this greedy strategy will succeed
eventually by selecting J = M. The subspace selection procedure is shown in Algorithm

Observation 3. If Algorithm returns a subspace O # J™ C M, then J™ fulfils
and . If the algorithm is called without blocked variables, i.e. B™ = @, then the

returned subspace is not empty, i.e. J™ £ ().

Proof. First observe that the returned subspace will satisfy (Sell|) because of the final test.
Next we prove 1) inductively for J(™ as constructed. The empty subspace J(™ = §

satisfies (Sel2) by 1' Furthermore Y is only added to J(™ if Fé@ (Y)NnB&E = ¢ =
F é@(B@) NY. Thus by condition 1) remains true when J(™ is increased. In
particular, if BT = ) then Fé@ (B @)) = (), too, so each considered variable will be added.

Finally the set X is reduced in each iteration by at least one variable, so the loop will
terminate after at most |M| iterations. If J(™ = M then (Sell]) will be satisfied because of

property @ . i




Algorithm 2: SELECTSUBSPACE
Input :global data at w
Output : TRUE if a subspace can be selected
Changes: sets J(™
X « M\ F™(B®), J@
while J(™ does not satisfy and X # 0 do
1 select j € Argmax{A(S@ {5}, @™, ™). j € X}
Y e Pl (7))
2 | if F™(Y)NB® =0 and F™ (B™)NY = () then
| TP J™ Uy, X« X\Y

else
| X« X\ {j}

if J(™) satisfies (Sell]) then
L return ?ZQ“R -
else
L J™ 9
return FALSE

3.2 Subspace Optimisation and Subspace Update

The concrete structure of the subspace problem is unknown to the main routine. However,
the algorithm underlying the processes m has to guarantee certain conditions on the values
returned in the update of the global data to o = 7+ 1. In particular, we make the following
assumption.

Assumption 4.

(00)

(i) Any process ™ € T1'*°) satisfies

™) < gmt+L), (Invl)
F@GT) > fT). (Inv2)

(ii) There exist constants 12,73 € (0,1) so that either there is an infinite number of
processes € () satisfying

F@E") = 1Y) = A, (Updl)
or there is a 01 € X so that each process w € ¢ with 7 > o1 satisfies

G091 = ¢im = o) gpd ATHD) < AE) (Upd2)

If condition holds then the process performed a descent step with a sufficiently
large decrease in the objective value (compared with the global expected progress when
7 started). In contrast, guarantees that the global predicted decrease has been
reduced significantly without causing a descent step.



3.3 Convergence Analysis

Throughout we assume that the algorithm underlying the processes satisfies Assumption [
The parallel bundle algorithm (Algorithm (1)) is called with the problem to be solved and
the parameters 71, € and u. In addition, the parameter Ny is passed to the algorithm that
specifies the maximal number of processes that should be started in parallel. Because each
process works on a non-empty subspace and the subspaces of parallel processes are disjoint,
the number of parallel processes is bounded by the number of variables, i. e., |M|. But
in practice one would like to restrict the number of parallel processes to the number of
processors available on the hardware platform to be used.

We start with a simple but important observation, which is fundamental for the conver-
gence analysis.

Observation 5. The followz'ng relations hold.
(i) Foralloc € ¥: Bl = cr1(e)
(ii) For allo € ¥: St > -<S’<U+1>
(iii) For all o0 € X: f(§(7)) > f(glotD).
(iv) There is a o9 € ¥ so that S = S0 for all o € ¥ with o > .

Proof. The proof works by induction on o. For ¢ = 0 we have B'? = ) and II'?? = 0, so
the relation holds trivially. Now suppose o + 1 € ¥ and the claim holds for ¢ € ¥. By
definition, o 4+ 1 € ¥ implies ITI{?) £ I+ 50 Observation [2| asserts the existence of a
unique 7 € (I \ T+1) U (TT+Y \ TI{*)) and this 7 either satisfies n = o or 77 = 0.

If n = 0 we have II(?) = II+1 \ {n} and process n executes a successful subspace
selection step (Algorithm [2)) at o. Thus the process executes implying B+t =
Bl U J ag Well as S<"+1> = 5 and ' = ¢t and the claim holds. If 7 = o
we have H<"+1> = 1190\ {n} and process 7 executes line at 0. The latter implies
Blotl) = B \J . Furthermore condition implies S(@) < S+ and (Inv2))

implies f( ) > f( (o+1) )
The last statement follows from the second and the fact that 8 is a finite set. O

The (due to the finiteness of 8) trivial fact that after a finite number of global updates the
dependency information encoded in S¢” does not change anymore, will be vital for the
convergence analysis. Indeed, constant dependency information will imply that no new
dependencies are encountered that endanger convergence.

Observation 6. Let 0 € ¥ and m,n € II{?). Then (@ holds for m and n.

Proof. This follows from test A22) Observation |5 and properties and . U

The next result characterises the situation when the algorithm terminates. In particular,
the global algorithm is guaranteed to keep at least one running process as long as the
termination criterion is not satisfied.

Observation 7. For each o € % the following statements are equivalent:
(i) 0 = max 3,
(,”) Irée) — H(U+1>,
(i17) the algorithm terminated with o being the last global index,
(iv) A <e(|f(5N)] +1) and A > e(|f(5N)|+1) for all o' < 0.
In particular, max ¥ = oo if and only if the algorithm does not terminate and A >
e(IF (G| + 1) for all o € Ng = X.



Proof. We prove this by induction on ¢ assuming that the equivalence holds for smaller
global indexes.

m —= : This follows by definition of ¥ and Observation .
= If o = 0 then the algorithm must have been terminated in line A thus

follows. If o > 0 then by induction A% > (| f(77)| +1) for each ¢’ < & (otherwise
o’ had been the last global index). The only possibility to terminate the algorithm is
that the test in line succeeds for some process m with # = o — 1.

[(iv)] = [(iin)E m implies that either o = 0 or o > 0 and (@71, =1 #£ (w!?, §()). In
the first case the termination test in A[IJ[I] succeeds and the algorithm terminates
right after the initialisation step. In the second case there must be a process w
with @ = 0 — 1 setting the values for 0 = 74 1 in (because if 1 = o — 1 the
process would execute line . and (@71, glo=1) = (@(?), §(7)). Consequently
the termination test in line will succeed and the algorithm will be terminated.

m = m: If the algorithm terminates with last global index ¢ then no process will ever

execute a subspace selection step or an update step at some later index ¢’ > o, hence
() = 11+ by Observation

m = m: implies that no process ever executes a successful subspace selection step
or an update step at some index o’ > 0. Assume that the algorithm has not been
terminated with last global index o. We consider two cases. First if 37 € II(?) % ()
then at least one process is still running at . Because each subspace optimisation
is finite by assumption this process will eventually execute its update step at # > o
and would increase o, a contradiction. Now assume IT1{%) = @. In particular this is
the case if o = 0. Then Observation [5| implies B'°) = (). The algorithm will therefore
try to start a new process m at # = o and because of Observation [3| this step will be
successful. This causes again ¢ to be increased, a contradiction. O

Next we show that under Assumption [4] the algorithm always drives the predicted decrease
to zero on an appropriate subsequence whenever f is bounded from below.

Lemma 8. Suppose an infinite number of processes satisfies and f is bounded from
below. Let X% := {r: 7 satisfies }. Then liminf,cyac AV = 0.

Proof. By Observation |5 the sequence (f(4'”)))yex is non-increasing and because f is
bounded from below the sequence f(§'™) — f(§+1)) converges to zero. Hence condition

(Updl|) implies that Al converges to zero, too. ]

Lemma 9. Assume |X| = oo and there is only a finite number of descent steps, i.e. of
processes satisfying (Updl]), and e = 0, then limyex AL = 0.

Proof. Because there is only a finite number or processes satisfying (Updl]), Assumption
ensures that there exists a o1 € X so that each process m with @ > o satisfies (Upd2).
Define for 0 € ¥

Al?) .= max ({A<">} u{A®: ¢ H<">}) ,
and
v(o) := max ({U +Nop+1}u{r+1l:7¢ H<0+Nn+1>}> _

We will show that for all ¢ > o7 there holds

10



~

2) Al0) > Alo+1),
b) 73 Al > AT+ for all processes m with 7 > o,
O) 75 - AW 5 AWO).

Note that ja)| and |c)| imply 0 < Al < Al 0.

First we show @ For this let m be the process with ¢ € {m,7}. If 0 = & then
o+ = 11 U {7} and Al) = Aletl) — Al because no relevant global data changed in
so Al@) = A1) Now assume ¢ = 7, then It = [1(?) \ {x}. Because 7 > o we
know that 7 satisfies . Consequently the update implies Ao+l = AT+
73 Al < 1y  A9) g0 AloHD) < Alo),

In order to prove [b)| observe that either = € II{?), so ATHD < 7 AlD < 7. Al or
7 > o, implying by b] AT+ < T3 - AT < T3 - Alm <73- Al

Finally we show Note, for n € TI*(9)) there holds 1 > 0+ Np + 1, because otherwise
we had n € H+tNn+D hence 77 + 1 < v(o) contradicting n € %) This implies
AW@) = AD) for some v > o + Nip + 1. Let

7 = argmax{7: AT = A,
mell(7)

Then we have m > o, because otherwise 7 < o was the last update before v and so

there would exist processes m; # m, i € {0,...,Np} with m; = o + i. Consequently
AW@) = AT+ 27 1 A by ) 0

Note that the sequence of global predicted decrease (A<" )) o>o' does not necessarily converge
monotonically to zero for any o/ € IN. However, replacing (Upd2|) by

na

§i™ =g and ATTD < A (Upd2’)

for dependency detection, one gets a non-increasing sequence.

Observation 10. Assume |X| = 0o and there is only a finite number of processes satisfying
Upd1]) with e = 0, and suppose, starting from some o1 € ¥, each subprocess w € 1)
with T > o1 guarantees (Upd2]) instead of . Then the sequence <A<J>)0201 s

non-increasing and limgy>,, A7) = 0.

Proof. Given a 01 € ¥ so that all processes m with © > o satisfy , in particular
ATHD < A Let ¢ > oy and let 7 be the process with o € {z,7}. If ¢ = 7 then
AT+l = A9 because no relevant global data is changed. Otherwise At = AT+ <
m3AT) = 73Al) . This proves that (A{)),>,, is non-increasing. In particular, AT+ <
A <A@ 50 || also holds for all these processes, proving limg>, A9 =0 by
Lemma [9 O

CorollaryA 11. If f is bounded from below and € = 0, the predicted decrease A7) =
F@) = faor (59) + 1115 ||? goes to zero on the subsequence £* C & with

Z* = {27 /Lf‘zdc| < OO?

Yde  otherwise,

where ¥ is the sequence of descent steps according to Lemma @ In particular, both terms
F@) = foioy (§°9)) and |3 go to zero, for the subsequence L*.

11



Proof. Depending on whether an infinite number of descent steps occurs or not, the
claim follows either from Lemma (8] or LemAma@ (or Observation [7| for |X| < 0o0). The last
statement follows from the fact f(¢'7) — f_ ) (9¢77) > 0 and ||g{|| > 0. O

Theorem 12. Suppose the set of optimisers Argmin f is nonempty and bounded. If 3l is
finite, §5™2) s an optimal solution of (@ Otherwise the sequence (§'7))yex has at least
one cluster point and each cluster point is an optimal solution of (@

Proof. The finite case follows from Observation [7] so assume [¥| = oo. Let f* :=
min{f(y): y € RM}. The boundedness of the level set {y: f(y) < f*} implies the
boundedness of all level sets, particularly of the set 8 := {y: f(y) < f(#{9)}. Because
(f(5'“))), is non-increasing, see Observation [5, we have §(” € 8§ for all ¢ € ¥ and therefore
the sequence (y)<">)g is bounded, so it has at least one cluster point. Let y* be a cluster
point of (§{%)),. So there is a subsequence (§'%))yesy — y* for some ¥/ with

s 3, if |29 < oo,
~ | 2d¢,  otherwise.

Let y € RM be an arbitrary point. Then by continuity of f we get

F@) > fow @) = G = (@79 -5 3 fy"),
N—— N ——

’ ,
E>f(y*) 0 by Corollary

proving that f(y*) is indeed a minimum of f. O

4 A Simple Subproblem for General Convex Functions

In this section we describe a simple algorithmic approach for setting up proper subspace
problems for the processes so that Assumption [f] can be guaranteed. This approach, however,
will in general not be useful in practice, because solving the subspace problem requires
the same computational effort as the global problem. It merely serves as a first example
for a fully workable asynchronous parallel bundle method. In the next sections we will
present other variants that exploit structural properties of the objective function in order
to construct more efficient subspace problems.

The most straight forward subspace problem for a process m working on an affine subspace
indexed by J(™ C M is

minimise f(y), (SubT)
subject to y e £, S

A~

i. e., we just restrict the optimisation to the affine subspace £ = £(J™ 4@). Given a
centre §(™ € L™ and an aggregated minorant @(™ = (l(“), g(”>) € W, the candidate of
this subspace problem is given by

. £ u ~ (7 T
5 = axgmin { focn (8) + 2y~ 92 y € £

and so the expected progress can be worked out to be

) (= (m) A ~ (T R —(m ~ (T s —(m) a~mw 1—7T
AP @™, §0) = 157 = Fam @) = £GT) =17 = @.57) + ~1lg0, 1%

12



In particular, for (™ € £ and each @ € W there holds
Aw,§™) = Al (w, §'™) + *H M\J(w 2. (7)

A bundle method solving will eventually drive Aé”) (ﬂ)(”),g)(”)) to zero, but this
only helps to reduce the global progress A(w(™, (™) if the last term does not grow too
much. Thus, we will use this last term to detect strong subspace dependencies, which we
store in an adaptive dependency digraph G = (M, E) on node set M with directed edges
EC{(i,j):i,j € M,i# j}. The meaning of an edge (j,j') € E is as follows. If a process
tries to select j for inclusion into J™ in ARll1] the subspace is presumed to depend strongly
on the variable j', so it must 1nclude j" as well. Thus, a dependency digraph defines a
strongly dependent subspace function F%®. In particular, let

gera . {E C M?: VjeM, (.]7.]) g E}
and with § = E € 8&™
FEXS,J)=JU{j’ € M:3j € J,(j,j') € S}.

It is easy to check that (88", <), where S < S’ if and only if S C ', is a valid set of states
with the complete digraph yielding the unique maximal element S8 € 88 and that Fg*®
satisfies the requirements for dependent subspace functions.

We will use the dependency graph based function FE® together with the states 88™ to
track these dependencies. We do not use any weak dependencies, i. e. if a subspace J is
selected, no other variables have to be kept fixed. So the following states and functions are
used,

8% =88 F5(S,J) = FE(S,J), F5(S,J):=J, AS,J,@,9) := A (w,).

Obviously F¥ satisfies the conditions for weakly dependent subspace functions.
Algorithm 2 I determines J(™ w.r.t. these dependency functions in the subspace selection
step and so condition (Sell|) guarantees

Ag’r) (u_)@, Q<E>) > A

The subspace problem is solved by a bundle method with centre §(™ = §(™  descent
parameter gy € (0,1) and a termination parameter p; € (0,1) until the aggregate minorant
@™ € W and the candidate §(™ € £(™) either satisfy

AD (@™ 5™ > o) AT (T 5y and f(5T) — F(5™) > oA (@™ 5 (Updls)
or

A (@™ g™y < o) AT (@l glmy, (Upd2s)

By Theorem [I] the bundle process ensures that one of the two criteria is met in finite time.
Let (™ € £(™ be the last candidate point of the bundle method. With this the process
runs Algorithm [3] to update the global data to index o = @ 4+ 1 as described next.

We investigate the case that the subprocess stopped because of . In view of

, condition (Upd2) might not hold if L Hg]\j;t]l(w) 2> 1 ||§J<\§>\J.(W) |2. If this happens, the

subprocess presumes to have detected a new strong dependency between J(™ and M \J (m)
In fact, the process checks if the following condition holds for some g3 € (0,1 — 1),

(7+1)
*H N

e 2> s () ). (Dep,)

HQJ\Z\J(W)
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If this condition holds then the improvement in global progress is small compared to the
gain generated by the subspace optimisation. In this case we increase the dependency graph
by choosing an edge

(") € Argmax { (57012 = (@)% (7.5) € (ST x (M\ T\ STL (@)

and set ST+ .= S U {(4,5)}. Note that this implies ST+ = ST} (see below).

Algorithm 3: UPDATESUBSPACE®

Input :, final candidate (™ € £(™) aggregate minorant @™ € W
Changes: global data at 7 + 1

if ™ stopped because of then
T o pm
97 € Argmin {f(y): y € {§™, 5™, 5 + (5™ — §2)}}
(7+1) . g(m
e // m stopped because of
W™ @™ glFth) 5T
if holds then ST+D « S U {(4,5)} with (4, ') be defined in

else S  g(m)

els

It remains to verify validity of Assumption 4} Conditions (Inv1l)) and (Inv2)) are clearly
fulfilled, so we check that the subproblem satisfies (Upd1l)) and (Upd2)).

Lemma 13. For 1 € (0, p20171) and 73 € [1 — 71(1 — 01 — 03),1) there hold:

(i) If a subprocess w terminates with (Updly) then it satisfies (Updl)).

(ii) If there is only a finite number of processes satisfying (Updl]), then there is a o1 € ¥
so that each process w with ™ > o1 satisfies :

Proof. We start with By (Updlg)) there holds with the subspace selection condition
(5er)
FGT) = F@™) > 02 A (@™ §5Y > 0000 AT (0T 5T > 0001 AT > AT
The choice of 471 in this case implies f({™+1) < min{f(§™), f(7™)}, so (Updl) holds.
Now consider If 3 is finite, 07 = max ¥ is a valid choice. If [¥| = co and there are
only finitely many descent steps, there is a o4 € & with ¢ = §(94) for all ¢ > 4. Let o9

be the index defined in Observation 5l We show that oy = 1 + max{oo} U {7 : 7 € II{°2)}
satisfies the requirements. By and the choice of o1 a process m with @ > o1 satisfies

glor) = @ = 4+ and stopped because of (Upd2y) without satisfying (Dep.). Then
with @ it follows

7 — () a(m ) ({7 (7 L/ ix a7
Al = A — (AP (@, 57) — AP @, 5T + = (g2 12 = gl 1)

> (1= 01— o)A (@, §®) > (1 - o1 — 03)A,
and consequently

AT < (1 - 71— 01 — 03)) A < A, O
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5 Partially Separable Functions

The main drawback of the simple subspace problem presented in the previous section is
that solving a subspace problem requires the same computational effort as optimising over
the whole space (only the steps are restricted to the subspace, but the function evaluations
remain the same). In particular, each process m working on a subspace J (7) still has to
call the same oracle of f at its candidates. From a practical point of view one would only
expect a gain from the parallel algorithm if the computations and evaluations associated
with the subspace problems are significantly easier than the computations for the whole
problem. This seems only to be possible, if the objective function f has a special structure.

In this section we develop an alternative subspace problem that exploits the structure of
a “partially separable” objective function. In particular, given a finite set R and subspaces
Jr C M, r € R, we assume that f has the form

W) =>_ 1),

reER

where f,: R™ — R are convex functions with the property
fr(y) = fr(y') for all y, ¢ with y;, =y , 7 € R.
In other words, a function f, only depends on the variables y; with j € J,, and there holds
Vye RM Vg edf.(y): gan, = 0.

The subdifferential of f at y € RM has the form 0f(y) = > rer 9fr(y). With

WT = conv {(lrv.gr): l7’ = fT(y) - <g7'ay>7g7“ € afr(y),y € ]RM} )

each minorant is defined by w = (w;)rer = (Ir, gr)rer € W = X, cp W, with

Fo@) =D furr) =1+ (g,1),

reR
fw«ﬂ”(y) =l + <9r7y>7

being the affine minorant of f (in slight abuse of notation we will regard w = (I, g) € RxRM
also as an element of W). An immediate consequence is that the subspace problem associated
with a subspace J(™ C M depends only on the functions f,, r € R, with J, N J™ #£ 0. We
define for a subspace J C M

Ry:={reR:J.nJ#0}, J=J 2\ J
reRy

and for a process 7 selecting coordinates J(™)

R™ = R, T = NI, (9)
reR(™)

then for a given centre § € R™ there holds

min { f(y): y € £(J7,9) } = min{ fr (4): y € LT, 9) ) + Fy e (9):
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Hence, in order to optimise on a subspace J(™, a process only has to evaluate the functions
fr with # € R(™ | which is significantly easier than the evaluation of f if |R(™| < |R).
These considerations motivate the following choice of a subspace problem.

minimise f(ﬂ)(y) = Z Ir(y),

reR(™ (Suby)
subject to y € £,

with £ = L(J(”),y@). The set of minorants is given by W™ = Xyep@ We A
centre point §(™ € £(™) and an aggregated minorant @(™ = (Z(“), g“‘)) e W™ define the
candidate

—( . p(m u ~ (T ™
7t ):argmln{f§<3>(y)+5!\y—y( N2y e Ll )},

w

where

=3 fo ).

reR(™)

The expected subspace progress in this case for @™ e W) and g)(”) € £(™ can be worked
out to be

AI(DW) (@™, g™y = (g™ — fgg) (™)
™) (T 7(m —(m) ~(m 1 (7
= PG = 3 (17 + 5. 5)) + g I
reR(™)

In particular, for w = (1,9) = (0;)rer = (Ir, §r)rer € W there holds

N ) (0 IN T (o - L.
A(w, ) = AF (@pe, §) + AL (@ g ) + MNaze [ (10)

where

A () /.- ~ N o R 1 _
AT (@ g ) = > (fr(y) - fwT,r(y)) + E||9M\(J(W)Uj(ﬂ))”2'
reR\R(™)

In fact, this decomposes the global expected progress A(w,y) into three parts, the first
only depending on ;=) j(x) and Wg, the second not depending on § ;) and Wp(x), and
only the last term depending on complete w = (I, g) € W.

Observation 14. Let y,y’ € RM and w € W.
(i) If ysmuzm = yf](muj(ﬁ) then f() (y) = f(ﬁ)(y/) and Agr) (Wrm»Yy) = Agr) (Wrm»Y')
i Yaug@ = Ypp g en Jjr\y) = Jr\y), T T, an 7p7r WanRrHY) =
(i) If yan, (e then foy) = F(y), v € R\ R™, and AL (wyp o y)
Af(oﬂ) (wpr\ R y').

Proof. Direct computation while exploiting that for each r € R\ R(™ the function f, does
not depend on ¥ ;) by definition @ of R(™. ]

If, on the one hand, y,y’ € £(™ then Yangm = yé\/[\ﬂ’f)’ i. e. the subspace £(™ does not

influence the term AI()W). On the other hand, the first term AI()”) only depends on the
variables J(™ U J(™ hence, progress made by the subspace problem 1D is directly
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reflected in the term Agr) if the components J(™ are kept fix. This motivates the following
weakly dependent subspace function (it satisfies conditions (1))—(4)))

FP(S,J)=JUlJ.

As in Section [4] we use the dependency digraph based strongly dependent subspace function
() 1hs . :
and Ay’ for the subspace progress function

8P := 88", FP(S,J) = F&%(S,J)

and

A, 7,0.9) = Y0 (£:0) ~ Furel@)) + sl

reRy

Employed within a successful subspace selection step of Algorithm [2] for 7 this yields

AP(S$T) g™ plm gmy = Aéﬂ)(w%%@(z)) > 7 AD
and ensures a “disjointness” of parallel subspace problems.

Observation 15. Let ¢ € ¥ and m,n € oo, o 1, be two parallel processes. Then
RM ARM = .

Proof. Assume there exists an € R(™ N R . By definition there must be a j € J(™ N J,.
Furthermore r € R™ implies J, € J® U J® | hence j € JM U J0) = FY(S, J(")). This is
a contradiction to , which holds by Observation @ U

For subspace optimisation and subspace update we follow the same steps as in Section [
The subspace problem is solved by a bundle method with descent parameter g2 € (0, 1)
and termination parameter g; € (0,1) until the aggregate minorant @™ € W™ and the
candidate §(™ e £(7) satisfy

Agf)(w(ﬂ)’g(@) > Q1A§W)(ﬂ1}<§>ﬂ),@<ﬂ>) and £ (g) — £ (F) > QQA%W)(w(W),Q<E>),
(Updly)
or

AP (@, 5 < o AP (2T ). (Upd2,)

)

Observation [14] and indicate that the critical term, which may cause an increase in the
global progress even if AST) is reduced, is the last of . Therefore, the subprocess will
use the following dependency test for some g3 € (0,1 — g1)

1 _{m+1 1 (T ) (T AT
s e [y N i (Depy)

Note that in contrast to we compare the new values at ™ + 1 with the values at
7 and not at w. This will allow for stronger convergence results. If condition is
fulfilled, then the dependency graph is enlarged by adding an edge

(.)€ Argmax { (g2 = (g7)2: (7,) € (I x T\ 57} (11)

and ST .= S U {(4,5')}. Putting all together, the update algorithm for the partially
separable subspace problems is displayed in Algorithm [

In order to prove Assumption [4] we first observe that the centre does not change on
J(™ U J™) as long as 7 runs and changes in J(™ at most when 7 finishes.
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Algorithm 4: UPDATESUBSPACE”

Input :m, final candidate §(™) € £(™) aggregate minorant @™ e W (™)
Changes: global data at 7 + 1

if ™ stopped because of (m) then

(m4+1) _(7+1) —(m) (™
( R(Tr) ’wR\R(”)) < (UJ( ) wR\R(TF))

G g™ (g™ — plady
L St g(®
Ise // m™ stopped because of

_(TH1) _(F+1) (7)
(wR(ﬂ ’wR\R(w)) A (w( ™ wR\R( >)

Gt (@
if holds then S™+1 « S U {(j, ")} with (j,j’) defined in
else ST+ ¢ g(@)

@

Corollary 16. Let m € II{®) | then yj<7r) = yJ for all j € JDUJ™ and @§ﬁ> = zf/;-ﬁﬂ) for
all j ¢ J).

Proof. The first statement relies on the subspace selection in conjunction with the update of
the centre in Algorithm Assume, for contradiction, Q]@ * g)éﬂ for some j € JM U J™ =
0 (7+1
() 4 y]<77 )

F é@(J (7)). Then there must be a process n with = < 77 < 7 and §} However in

j
all cases @§/> = y<77Jr ) for §' ¢ JM hence j € JM. This implies j € J N F ( ™)) # 0,

contradicting (5)) by Observation |§| because 7,1 € I,

For the second statement it suffices to observe that §(™ e £ so for j ¢ J™ it is

3 = 5 and g0 = g 1 (gD — gy = gl O

Condition (Invl)) is clearly fulfilled, so it remains to check (Inv2|) and (Updl)—(Upd2)) in
order to ensure validity of Algorithm []

Lemma 17. For 1o € (0, 020171) and 73 € [1 — 71(1 — 01 — 03), 1) there hold:

(i) If a subprocess w terminates with (Updl,|) then it satisfies (Updl)).

(ii) If there is only a finite number of processes satisfying 4U0d1), then there is a 01 €
so that each process ™ with @ > o1 satisfies (Upd2) and (Upd2]).

(iti) All processes satisfy (Invd).

NGES (7_r> .
M\J(ﬂ = M\J First

Proof. By Corollary we know g)y(ri)uj(w) y<J(7>r)UJ(W) and g
assume that m stops with {D Observation [14] implies £ (5(™) = )( ) and
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£ () = f.(g 7)) for all » € R\ R™. Consequently

FG =G = 3 (HGT - £GT)+ Y (£ - £GT))

reR(™) reR\R(™

= > (HE™) - £G"D)

reR(™

= [P - DT = FO ) - 1O E)
(UpdTy) (UpdLs) o
> 02 A (@™, gy > leA(ﬂ)(wﬁiL),y@)

(Setl)
> poimA® > nAlm >0

This proves (Inv2) as well as (Updl)) in this case.

Now assume that |X| = co (otherwise o1 = max ¥ is a valid choice) and there is only
a finite number of processes satisfying . Then by Observation [5| there is a g € X
so that S = §{@0) for all & > 0. Putting both together there is a o/ > o( so that
37 = 4 for all o > o’. Set ¢ := max{7 + 1: 7 € II{?"?}. Then for each = with 7@ > ¢”
we have w > o',

We use the following short notation for any process w and o € X

o) .__ ) (= {o) ~(o Alo) . A(m) (= (0) ~(O
A7<r> = AI() )(wR('/r)?y< >)a A§r> = AI() )(wR\R(ﬂ),y< >)-

(1) 242 ()

Let 7 be an arbitrary process with 7 > ¢”. Then 7 satisfies Ay < 014 and Dep,,
does not hold, hence by and Observation

A<”f>—A<*+1>:<A<ﬁ>—A$:’f“>> (B - A0+ - (g5, 1 - 1955"1P)

T J(m)
1 _
7r+1 - ) 12 7T+1
— (af )+ = (15012 = 13561 1)
> (1— 01 — 03) A
> 7i(1— 01— 03) A™ > 0. (12)

~—

=:7€(0,1)

This proves AT > AT+ hence (A<">)0>o~ is a decreasing sequence. Let o1 := max{7 +
1:7Telll } then 7 > o” for all 7 with @ > o1. Consequently, relation (12)) implies for
each process m with ™ > 07

AT AT+ > 2 A@ > A
and so
AT < (1= 1)AT™ < AT,

This shows that (Upd2)) and (Upd2’) hold. O

Remark 18. Note that the main algorithm requires the objective value in the current
centre f(§'°)) in order to compute Al = f(3(7)) — 1) — (g{@) (@) + 1]5()||2. However,
there is no need to recompute the value if the centre is changed by a process 7 from §™ to
g™+ This follows from the proof of Observation |5, which shows that f,.(4™) = f,(5(7t1))
for all r € R\ R and f.(g™) = f, (51 for all » € R(™), i. e. the latter values equal the
values computed by 7 on its subspace. Therefore no additional evaluation of f is required
apart from the evaluations within a subprocess.
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6 Lazy Separable Functions

In this section we generalise the subspace problem for partially separable functions presented
in Section |5} As described there, we can only hope for a significant reduction in the overall
number of oracle calls if the subproblems couple only few functions f,., » € R, i. e. if for
a given subspace J C M we have |R;| < |R|. In practice, e. g. in Lagrangian relaxation,
we frequently encounter functions f,. with large sets J, C M while the actual solution just
depends on a few of the coordinates in J,.. The following example serves as the central
motivation for the approach presented in this section and requires the following notation.
For J C M and y € RM we denote by Y the vector with values [y ;]; = y; for i € J and
[yu]i:OforiEM\J.

Example 19. Consider Lagrangian relaxation decoupling a problem of the form

maX{Zczxr: ZArxr <bz,€X,,r€E R}

reR reR

with compact X, C R"", A, € Rﬂ\r/lxm for r € R and b € R™. Introducing Lagrange
multipliers y € RY (see, e. g., [5] for an extension of bundle methods to sign constraints)
for the linear coupling constraints, the dual problem reads

min f(y) = bTy + Z fr(y)  with  f.(y) = max (ngr - yTArxr), r € R,
ye]Rf,‘_/I réeR or€Xy

and for r € R the sets J, are determined by J, := {i € M: [A,];« = 0}. Suppose now
fr is evaluated at some g > 0 with support J = {i € M: g; # 0} yielding an optimiser
#, influenced by J/ := {i € J,: [Ay&,;]; # 0V i € J}. Then it can be checked that Z,
is optimal for any other ' > 0 with ¢, = ¢, so arbitrary changes in J, \ J; do not
require reevaluations of f,.. In fact, there is no need to consider values of an 9/ outside of
J/ even in the case of @ffé # 9y as long as f (gj" J;) is attained for an optimiser . satisfying
{i € Jp: [A,2]]; # 0} C J/. If this fails to hold then a correct evaluation may next be
attempted by simply enlarging J! by the support of the new gradient A,2/.. However, any
strict enlargement requires another evaluation with respect to the enlarged support which
may entail yet another enlargement till a new stable support J" C J, is found for ¢'.

For each r € R the algorithm will maintain an active subspace JTU> C J,, 0 € X, which
collects the indexes of J, that have shown some influence on the evaluation of f,.. The next
definition may be interpreted as formulating structural requirements on f, that allow the
algorithm to automatically adapt the active subspaces.

Definition 20. Given r € R, a point § € R, a minorant w, = (I.,gr) € W, and a set
J] C J,, the triple (9, @,, J) is called consistent for r if

T

fr) = fr(gg) forall y; =g,y e R, J.CTCJ, and  (g)an =0. (C)

We say the (global) data at o is consistent if (Q<">,u_)q<f7>, 7@) is consistent for each r € R.
By definition of J,., any triple (g, w,,J,) is consistent for r. Algorithmically it is not
possible to check consistency of subsets of J,. without additional structural knowledge.
Therefore the algorithm assumes for each » € R the availability of a consistency oracle
Cr: RM x W, x 2M — 27r returning an index set J = C.(9,w,, J.) with J. C J so that
(9, wy, J) is consistent for r (J = J, is always a feasible choice).
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Remark 21. For the packing type application described in Example a consistency
oracle G, (¢, w,, J.) can be implemented quite efficiently. Due to the nonnegativity of all
quantities involved, i.e. § > 0, X, C R}, A, € IR%X"’“, it suffices to find an index set J
with J;. C J C J, for which an optimiser &, exists with [A,#;]5s s = 0. Therefore starting
with J « J/ and iterating the process of finding &, € Argmax, cx, (¢l 2, — 33|TJA,«xT),
stopping if J' < {i € M: [A,&,]; # 0} satisfies J' C J, else repeating this with J + JU.J’,
provides a valid J.

Consistency is maintained if only the subspace J/ is enlarged.

Observation 22. Given r € R, § € R™, w, € W, and sets J. C J" C J,., suppose
(9, wy, J}) is consistent. Then (4, wy,J)) is consistent, too.

Proof. Obvious. O

The algorithmic approach follows the same steps as for partially separable functions, but
this time we set up the subspace problem w.r.t. the assumption that the functions f, only
depend on the variables y ey In order to emphasise this difference in the objects related to

a process ™ we now use a superscript [ in brackets. In particular, let .J [7] be the subspace
associated with a process 7, then we define

gl = gim A gt J = gl gt
g = 5 R = {r e R g7 07 2 0} (13)
reRl
1) = oy ). M) =Y ().
reRI]

Using these notations the subspace problem associated with process 7 reads

minimise  fI™(y)

Subf
subject to y € £l = g (g glm)y, ( )

A centre point ™ e L7 and an aggregated minorant @™ = (I g7y e Wil .=
X,epix) Wi define the candidate

: gl u NEs T
g™ = argmin {fi-}[lﬂ () + 5lly = g2y € £ ]} ,
where

ng[L] (y) = Z fwi"],r(y\«fr@)'

reRI~l

This gives rise to the expected progress

A (gl gy = pll(glrly  flrl gl

wl

| (Al 71' —|m ~ |7 1
= 5 (A T+ (@) 03 ) + 1

reRI]

2

> @

reRInl

Here, consistency is required in order to decompose the global expected progress as before.
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Observation 23. For 7 € I, § € RM, w € W with (4, @, = (I, Gr), Jﬁﬂ)) consistent
for r € R there holds
- 5 T (07 ~ NS 1 =
A5 5) = A g0, 5) + A @, 5) + 13001 (14)
where

. N T - . L,
Al (w, §) = (fr(@) =l = (g, 9)) + EHQM\(J[W]LJJ[W])HZ'

Proof. By definition we have

N ~ ~Tls = 1,
A(w, ) = A+ A, ) + allgjm 1%,
where

~ . _ L 1,
A= (fr(y) =1l — <gray>) + EHQJ[W] ||27

ﬁ
m

=,
A

so it remains to show that A = Al (Wgix,¥). The consistency assumption implies
f?Lﬂ (Q) = fr(@) for all r € Rmv as well as <§7"7?)> = <(§T)JT<£>7QJT<1>> by gr = (gr)ur(E for all
r € R. Because JI™ = J® 0 Ji7 £ ) <= r e RI7 by definition, there holds

Gt = (@) yim = Z(gr)uyr] =) (9r) =15

reR reR reRl~]

completing the proof. O

The set of states and the strongly dependent subspace function are now a combination of the
dependency graph function and the activity sets. In particular, let 82 := {(J/),er: J.. C
Jr,r € R} with § < S for S,5" € 82 if and only if all sets J. of S are subsets of
the corresponding sets in S’. Combining this with 88 we get 8¢ = 882 x 83! with
(S1,52) X (S51,5%) < S1 =S A Sy =S, Using the consistency oracle, the initial state
is set to SO := (9, (€.(5'?, 117,(«0), 0))rer). Thus, the global data is consistent for o = 0.

We denote the activity set of r € R associated with a state S € 8 by J,(S). The
corresponding strongly dependent subspace function is then

Fp((S1,82), J) == FE*(S1,J).

The weakly dependent subspace function is defined analogously to Section [5 guaranteeing
that the centre is not changed on JI™ U JI™l by other processes as long as 7 runs, i. e.

FX(S,J) :=JUuJ(S),
where
J(S) = |J J(S)\J R(S.J):={reR: J(S)NJ#0}.
reR(S,J)

Note that, in contrast to (S, J), the function FJ(S, J) really depends on the state S.
The expected subspace progress is given by

1 2

AX(S, J,w,7) = Z (fr(QUT(S)) - fwr,r(Q\Jr(S))) +o
reR(S,J)

> @) s

rER(S,J)
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As above one proves that in the case of consistent global data a successful call to Algorithm 2]
of process 7 returns a J,[fr] with

AX(S@ g @ 5@y = A[ﬂ](wgﬂ)’g(ﬂ)) > 1 A@,

Like in the partially separable case we get disjointness of the subfunctions associated with
parallel processes.

Observation 24. Let ¢ € ¥ and w,n € oo, o 1, be two parallel processes. Then
RN RN =g

Proof. Without loss of generality we may assume 7 < 1. Suppose, for contradiction, there

exists an r € RI™ N R, By definition there must be a j € JI7 N J7§£>, and @ < g

implies Jr<£> - JT@. Because r € R we have J, ) cJmuyg [’7}, hence

(

jeJm c g c gy g = prs@, gy,

so JmW N F (S w y 1) £ . This is a contradiction to , which holds by Observation |§|.D

The subspace process proceeds as in the separable case. The subspace problem is solved by
a bundle method with descent parameter gy € (0,1) and termination parameter go; € (0, 1)
until the aggregate minorant @w!™ € W[ and the candidate 3™ € £} either satisfy

Al (gl @y > o Al7] (w%i]jy(ﬂ)) and fIM (@) — flr(glly > o Al (@l gimdy,
(Updly)
or

A[W](u—}[ﬂ’g@)) < oAl (“7%2@717(@)- (Upd2,)

Observation [23| indicates that the critical term is again the third one of , so that the
subprocess will use the following dependency test for some g3 € (0,1 — o1)

1 _(m+1 1 (T T — (T AT
“NgiE 1 - <1312 > esal (@ 5@, (Depy)
u u

If condition is fulfilled, the dependency graph is enlarged by adding an edge according
to (TI).

There is one important difference to the partially separable case. In setting up the
subproblem the contributing functions and their restricted evaluation spaces were determined
under the assumption that for each r € R the relevant parameters of f, were given by
J,@. Before setting the new values we have to make sure, that these assumptions are still
valid. If at 7 the old sets Jr<£> prove to be too small, we dump the results and only make
sure that the state increases strictly in comparison to 7. In the case of a descent step all
functions potentially affected by J™, inside as well as outside of R, have to be checked
for their consistency, because concerns the potential influence of all these coordinates
(so those with JE A g, # () would suffice). In the case of a null step only the aggregate
may change, so checking for new nonzero coordinates in these suffices to ensure condition
. Algorithm [5| implements these aspects in the subspace update.

As before, the centre cannot change on JI™ U JI™) as long as 7 runs and may only change
in JU" when 7 finishes.

Corollary 25. Let 7 be a process, then g);-@ = A]<-7_r> for all j € JT U JT and g)]<-7_r> = A§ﬁ+1>
for all j ¢ JII.
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Algorithm 5: UPDATESUBSPACE™

Input :, final candidate g™ € L] aggregate minorant wl™ e W
Changes: global data at 7 + 1

if ™ stopped because of then
=)

1| g g™ (g™ - g
- - =] = ()
(wjg[wpwjg\R[ﬂ) « (wl ]7wR\R[7r])
// update consistency information
2 | forre Rdo J&Y e (7, @, I
// no changes in 8&2-part, S{™ ~- S(TH1)
s | if J5Y £ 7 for some r € R then // update ST+« §(@
| Tt — g™ Tl i
else
L g(ﬁ-{-l) — 7, S VAR Y}

Ise // m™ stopped because of 1

Gt (@

]

’ —/ (7)
Rim> WR\ Rl ) R\RI] )

5 if (gL); # 0 for somer € RI™, j € M\ J{™ then // update S(™t1) - §{m
for r € R™ do J7Y — S Ui e g\ I (g)); # 0}
// no changes in 8&2-part, S(™ ~ S{THD

L @™ — ™

4 | (w — (@l @

else
if holds then // update S(Ft1) - (@)
| add (4,4) as defined in to the 8&2-part of S(™ ~» §F+D
else ST+ 5@
L @) @

Proof. The proof is analogous to the proof of Corollary [16] g
Observation 26. The global data is consistent for all o € X.

Proof. Initialisation ensures consistency for o = 0. Inductively, relevant information for
consistency is only changed in Algorithm [5| Observation [22] ensures that active subspaces
may be increased safely if neither centre nor aggregate is changed. In the branch,
ensures that aggregates are only stored if they satisfy consistency, the centre remains
unchanged. In the branch, consistency is taken care of explicitly by (note, C,
is required to only increase active subspaces) and which updates to the new centre
and aggregate only in case of proved consistency. ([l

Lemma 27. If © stops because of and ST = ST then due to Algorithm @
there hold

(i) J7§£> = J,Sﬂ = J,Sﬁ+1> and (', @', Jyﬂ) is consistent for all T € R,

(i) 7)Y = £5%) = £, @) = £@07) = G5 for all r € R,
(iii) fr(5) = (570 for all r € R\ RI™.
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Proof. Let 7 be a process that stops because of lb If J,@ #* J§ﬁ+1> for some r € R

then S(@ £ ST+ Thug L@ = J<7r> = J<ﬂ+l> forr € R because the sets J7§0> only

increase. ThlS 1mphes consistency of (¢, @', Jp e >) for r € R by Apl2| and also shows
AMr+l)

Y : i

By (13) we have J™ N J = § for r € R\ R and J ¢ J& U J7 for r € Rl

= Q<7[r>]uj[ﬂ and 7™ e £(JI", (@) so for each r € R\ RI™

Corollary [25| ensures g]fﬁ JUJT
we obtain g’ = y( <7>r while for 7 € RI™ there holds 7/ L = _[W] . Now the definition

(x)
7‘

of f , the fact that consistency holds by (i . and Observatlon prove and O
Lemma 28. For 1o € (0, p20171) and 73 € [1 — 11(1 — 01 — 03),1) there hold:

(i) ([Td) and ) hold.
(ii) if an infinite number of processes terminates with (Updl,)), then an infinite number

of processes satisfies (Updl)),

(1ii) if there is only a finite number of processes satisfying (Updl,)), then there is a o1 € 3
so that each process w with ™ > o1 satisfies ,

Proof. First note that (Inv1) holds because Algorithm [5|ensures S+ = S in all cases.
Furthermore by Observation |5 there is an 0y € ¥ so that S @) = gloo) for all o > oy.
Hence, for any process m with 7 > ¢/ := max{fj+ 1: n € H<”0>} we have ™ > 0 and so
§im — §(m) — g(7+1)

Let 7 be a process terminating with (Updl)). If S¢@ # S+1) then 7 does not modify
the centre, so ™1 = (™ proving (Inv2). Now assume ST = S+ (particularly this is
the case if # > ¢’). Then Lemma [27] implies

f(y(fr))_f(@(fwrl)) _ Z (fr(A ) fr( (T+1) ))+ Z <fr(z)(ﬁ'>)_fr(g(ﬁ'+l))>

reR[m] reR\RI"]

/

=0

= > (FPE ) - ) = gt - f )
reRI]

[UpdL) - (UpdL,) (m)

> QQA[W](UJ[W]’Q@) > 02Q1AH( m’g@)

(Setl)
> o1 AT > Am >0

This proves (Inv2]) as well as (Updl)) in this case.
Now let 7 be a process terminating with (Upd2,.). In this case ™t = (™ proving

. Assume that there is only a finite number of processes satisfying . Exactly
like in the proof of Lemma [I7 we get a o1 € 3 so that each process w with @ > o1 stops
with (Upd2J), there holds S{® = S+1) and the dependency test is not fulfilled.
In particular, J7§£> = Jq@ = Jﬁ’”” allows to employ Observation [23| and to follow exactly
the same steps as in the proof of Lemma [I7] O

Remark 29. Analogously to the partial separable case, there is no need to evaluate f (Q<U>)
when the centre is changed because the function values f, (g ">) that change have already
been computed by the subprocess that sets the new centre.
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