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S1 Proofs of lemmas and theorems

In this section, we show the proofs for lemmas and theorem in the main body of the paper. In addition,
some new lemmas and theorems are given for a better understanding of our method.

S1.1 Proof of Lemma 1

Definition: We define the edges in graphical time warping (GTW) subgraph (Fig.1(c)(d)) as “forward
edges”, which are dual to edges in dynamic time warping (DTW) graph (Fig.1(b)). Their reverse
edges are with infinite capacities due to the GTW structure.

Lemma 1: If two nodes are in the same component, then there is at least one path linking them.

Proof: By definition, a component is segmented by two adjacent cuts in one GTW subgraph. The
nodes inside a component are connected by forward edges. For two nodes v and w, there must be one
node u bridging v and w, so that (1) u could reach both v and w, or (2) both v and w could reach
u, or (3) one of v or w could reach u, and u could reach another node. Since the component is one
subset of the GTW subgraph, the capacities of all reverse edges are infinite. For any pair of nodes
(v', w'), if v’ could reach node w’ through path consists of positive-direction edges, v’ could also be
reached by w’ through reverse path. Thus, in any case above, v could reach w through u. l

S1.2  Proof of Lemma 2

We claim the following two statements before proving Lemma 2. They are related to Fig.3 in the
main body.

Statement 1: To solve the max-flow/min-cut problem, the flows on E,.,ss can be converted to extra
edges linking to the source (entering flow) or linking to the sink (outgoing flow) whose capacity is
the same as the amount of flow on E.,,ss (Fig.3(a)(b)).

Proof: This statement can be proved by the fact that all extra edges can be saturated when achieving
max-flow. Due to the assumption of our algorithms, the graph conversion is only done for active
components before pushing out. Thus, the components still have more excess to push out even with
outgoing flows on E.,.,ss. By converting the outgoing flows to edges linking to sink with the capacities
of the same amount, all such edges will be saturated to achieve the max flow. Regarding entering
flows on E,ss, they can be seen as excess received from neighboring GTW subgraphs. Thus, by
converting them to edges linking to the source, the edges can also be saturated and accumulate within
the component. The accumulation can be seen as excess flows from the source outside the component
to the source within the component. Therefore, both extra edges linking to the source or linking to
the sink can be saturated when achieving the max-flow and the flows on E.,,ss are converted. B

Statement 2: If node v has an extra edge with capacity a linking to the sink ¢ in GTW subgraph,
then such an edge can be incorporated by adding weight a to all edges above v in the same column of
DTW graph. Similarly, an extra edge on v linking to the source can be incorporated into the edges
below v in the same column of DTW graph (Fig.3(b)-(f)). Before and after such incorporation for
one node v, the corresponding cut values/path costs are the same.

Proof: Assume G = {V, E'} is one single GTW subgraph and G’ = {V, E U (v, t)} is one graph
with extra edge on v linking to the sink ¢ with capacity a. Let P be one arbitrary warping path on the
DTW graph (dual graph of ) and its cost be cp. Its corresponding cut in G will segment V' into two
parts Vs and Vr, and has the same cost cp = 3, )ves,wer ¢(v, w) due to the duality. Assume cp

is the cost of same-location cut in G’. If P is higher than v, then c’P = c¢p + a since v is classified to
the Vs in G’ and ¢ will count one more edge c(v, t) (Fig.3(c)). If P is lower than v, then ¢p = cp
since w is classified to the Vi in G’ and no impact on the cost. Thus, all paths above the node v
will increase cost a if v links to ¢ with capacity a. By adding weight a on all the edges (right or
inclined edges) above v in its column on DTW graph (Fig.3(d)(e)), the dual graph of modified DTW
graph (Fig.3(e)(f)) is equivalent to G’. Similarly, all paths below the node v will increase cost a if
v links to s with capacity a. To guarantee the equivalency, the edges below v should add weight a
on DTW graph. Then, the cost of any warping path in the modified DTW graph is the same as its
corresponding cut in G'. B

Lemma 2: The corresponding cut values/path costs before and after graph conversion are the same.



Proof: By statement 1, all the flows on E.,,ss can be converted to the edges linking to the source
or sink. Then by statement 2, the extra edge on any node can be incorporated without changing the
values of cuts in the same location. Thus, by incorporating all extra edges, the corresponding cut
values/path costs before and after graph conversion are the same. ll

S1.3 Proof of Lemma 3

Lemma 3: The amount of maximum possible excess on node v is the min-cut value in residual graph
by taking v as sink.

Proof: The amount of maximum excess of one node v can carry is the max-flow from s to v in the
residual subgraph after pushing flow to sink within the GTW subgraph. By duality between max-flow
and min-cut, the value is also equal to the min-cut value between s and v. .

In residual graph, the cost of min-cut above v (between v and t) is 0, the cost of min-cut below v
(between s and v) is the excess. Regarding the original graph, the amount of maximum possible
excess is the difference between the min-cut value below v and the min-cut value above v, since s
locates on the bottom-right side and ¢ locates on the top-left side of GTW subgraph. Note that any
cut in GTW subgraph is corresponding to one path in its dual DTW graph. Therefore, working on
the modified DTW graph (Fig.3(e)), the excess value can be obtained by calculating the difference
between the shortest path below v and the shortest path above v (the true shortest one), as shown in

AlgoH]

S1.4 Proof of Lemma 4

Lemma 4: All nodes in the same component have the same label.

Proof: By Lemma 1, for any pair v and w in the same component, there are always path
(v,v1,v2,...,w) and path (w,w;,ws,...,v) with no cross edge. By Equation (2a) in the main
body, d(v) < d(v1) < ... < d(w) and d(w) < d(wy) < ... < d(v) = d(v) = d(w). Thus, all the
nodes in the same component are with the same label. B

S1.5 Proof of Lemma 5

Lemma 5: The new labeling function is consistent with generic push-relabel labeling function if
treating each component as one unit.

Proof: If the validity of the new labeling function holds, then the validity of the generic push-relabel
labeling function also holds by treating each component as one unit. Assume v € Rj,w € Ro,
the residual capacity of (v,w) is positive, then Ry — Rs. If components R; and R, are in
neighboring subgraphs, then by Equation (2b) d(v) < d(w) + 1. That means, d(R;) < d(Rg) + 1. If
components Ry and Ry are in the same subgraph, then by Equation (2a) d(v) < d(w). That means,
d(R1) < d(R2) < d(R2) + 1. Thus, maintaining the new labeling function can also keep the validity
of the generic push-relabeling function if treating each component as one unit. l

Then, our strategy can be seen as one alternative push-relabel approach that uses the component as
the operational unit. All the statements proved in [5]] hold on the component level, including the
correctness. Our method can achieve max-flow in polynomial component operation.

S1.6 Proof of Lemma 6

Lemma 6: Assume the min-cut segments the nodes V" into source side Vg and sink side V7, then
replacing the nodes in Vg or Vi by source or sink does not impact the min-cut.

Proof: Let G7 be the residual graph after pushing the max-flow. By definition, there is no edge link
from Vs to V in G/. Replacing the nodes of Vi in G/ by source, there is still no flow that can be
sent to sink. Thus, there is no change on the min-cut. Similarly, replacing the nodes in V7 by sink
also does not impact the min-cut. l.



S1.7 Proof of Lemma 7

Lemma 7: Assume Vr represents the nodes of sink side segmented by the real min-cut of original
GTW graph, Vi, denotes the sink side segmented by the obtained min-cut of the graph under replacing
arbitrary node by the source s, then Vi, C V.

Proof: Assume original graph is G = {V, E'} and G; = {V1, E } is the graph after replacing some
nodes in V' by the source s. Let’s denote their corresponding residual graphs after achieving max-flow
as Gf and G{ , respectively. By definition of the residual graph, all the nodes in V7, can reach the
sink along some path consisting of residual edges in G{ . While in the original graph G, the flow
entering V7, could not be larger than the one in G';. Thus, the residual edges connecting Vr, in G

will not be saturated. The nodes in V7, could still reach the sink in G+ and will be divided into the
sink side. Therefore, Vp, C V. B

S1.8 Proof of Theorem 1

Theorem 1: The obtained min-cut in bidirectional strategy is the min-cut of the original graph.

Proof: Through Lemma 7, V7, C V7 after pushing excess in one direction. Then, replacing nodes in
V1, by the sink ¢, the real cut will not change according to Lemma 6. Thus, the obtained min-cut in
bidirectional strategy is the min-cut of the original graph. l.

S1.9 Additional lemmas and proofs

In addition to the listed lemmas and theorems above, there are also some useful lemmas and theorems
that play important roles in excess pushing with linear component operations (ELCO) and need to be
proved. Lemma 8 explains why the part below the found min-cut is active and another part is inactive.
Lemma 9 shows how the property of the labeling function helps us implement the relabel step faster.
And Theorem 2 guarantees that the labeling function maintains valid in the whole ELCO process.

Lemma 8: Assume the min-cut (the one closest to the source if there are multiple equivalent min-cuts)
segments the graph into two parts Vs and Vr, where s € Vg and ¢t € V. Then any node in Vg could
hold excess.

Proof: By the definition of min-cut, all nodes in Vs segmented by the chosen min-cut could be
reached by source s through some path in the residual graph. Pushing excess through such a path,
any node in Vg could hold excess. B

That’s the reason why we choose the lowest min-cut in Algo[5| Then, the new segmented component
below the min-cut is active, while the segmented component above the min-cut is inactive.

Lemma 9: If component R; is higher than component R5 or in the left side of Ry in the same GTW
subgraph, then d(R;) < d(Rz2).

Proof: By the property of subgraph, the capacities of reverse inner edges are infinite. If component
R is higher than R» or in the left side of Ry in the same subgraph, then there must be one path that
only consists of reverse edges from the node v € R; to node w € Ro, since the reverse edges in one
GTW subgraph are with infinite capacities. By Equation (2a), d(R1) < d(Rs).

Lemma 9 could help us implement the relabel step in Algo.2 quickly.
Theorem 2: ELCO algorithm maintains the invariant that d is a valid labeling.

Proof: To check the validity of labeling function, we need to check Equations (2a) and (2b) on
Eyithin and E.,ss for all steps:

“Drain” and “Discharge” operations (Algo[3]and Algo[): “Drain” and “Discharge” operations will not
change the label of nodes within the original component. Finding the new cut within subgraph means
the constraint Equation (2a) is loosened. Thus, the labeling is maintained and Equation (2a) holds.
For “Drain” operation, no label is changed and no new cross edges are generated, thus Equation
(2b) holds. For “Discharge” operation, pushing excess through cross edge (v, w) may loosen the
constraint in pushed edge (saturate such edge) but result in more strict limitation in reverse direction
(generate reverse edge due to pushing). Assume the pushed edge is (v, w), and the generated reverse
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Figure S1: (a) An example of DTW graph with the auxiliary edge, which is represented by the dashed line. (b)
Dual graph of (a). The dashed line is the dual edge of the auxiliary edge in (a). (c) An example cycle (purple)
for graph (a). (d) The dual graph of (c), where the purple cut is dual to the cycle in (c).

edge is (w, v) where d(v) = d(w) + 1. Since d(w) < d(v) + 1 = d(w) + 2, Equation (2b) always
holds. Thus, both “Drain” and “Discharge” maintains the validity of the labeling function.

Split operation (Algo[5): Regarding splitting components with positive labels, no label is changed
and no new edges are generated. Thus, both Equations (2a) and (2b) hold. While Algo[5|will change
the label when splitting 0-label component. For 0-label component, assume the part above new
cut is Ry, the part below new cut is Ro, and d(R;1) = 0, d(Rx) is changed to 1. We will focus on
R; since only these labels are changed. For the edge pairs of (Ry, R3), d(R1) < d(Rz), Equation
(2a) holds. Assume there is component R3 that Ry, and Rj are linked. If Ro and Rj3 are in the
same GTW subgraph, and R — Rg3, then by algorithm (the previous split operation), d(R3) > 1,
and d(R2) = 1 < d(Rs3), Equation (2a) holds. If Ry and Rj are in the same GTW subgraph and
R3 — Rs, Equation (2a) holds before splitting means d(R3) = 0. Then d(R3) = 0 < d(R2) = 1,
Equation (2a) holds. Thus, the validity of E\;n.n is kept. If Re and Rj3 are not in the same GTW
subgraph and Ry — Rs, then d(R3) > 0 = d(R2) = 1 < d(R3) + 1, Equation (2b) always holds.
If Ry and R3 are not in the same GTW subgraph and R3 — R, Equation (2b) holds before splitting
means d(R3) < d(R2) + 1. d(Rz) increases after splitting, Equation (2b) must hold. Thus the split
operation maintains the validity.

Relabel: as shown in Algo.2, d(R) = dyinwithin Satisfies Equation (2a) and d(R) = dimincross + 1
satisfies Equation (2b). The relabeled value min(d,inwithin, dmincross + 1) satisfies both, thus
validity is maintained. ll

Thus, the validity of the new labeling function is always maintained for ELCO method.

S1.10 Duality between DTW graph and GTW subgraph

Lemma 10: For any cut C' in GTW subgraph, the corresponding dual edges can compose a warping
function P in DTW graph so that cost(C') = cost(P), and vice versa.

Proof: Linking an auxiliary edge from the top-right node to the bottom-left node (Fig. [S1fa)), dual
DTW graph can be constructed (Fig. [ST[b)). Each node in GTW subgraph is a face in DTW graph,
and each edge ¢’ in GTW subgraph connects the face from the right side of e to the left side with the
same weight in DTW graph. According to the dual graph theory [1I], cycles are dual to cuts. For any
cycle in DTW graph (Fig. [SI[a)(c)), there is a corresponding cut in GTW subgraph (Fig. [ST[(b)(d)),
and vice versa. Deleting the auxiliary edge from two graphs, it’s easy to establish a one-to-one
correspondence between the warping path P in DTW graph and the cut C' in GTW subgraph. Since
the edges composing C' and P are dual, cut(C') = cost(P). B

S2 Algorithms

Before discussing the algorithms, we need to introduce some annotations first. For node v, fi, (v)
denotes the total entering flow of v on E.yss and fo,:(v) denotes the total outgoing flow of v
on E¢ross. f(v,w) denotes the flow from v to w, cy(v, w) denotes residual capacity of (v, w) in
GTW graph. And if we use edge (a,b), we denote the edge on the DTW graph, which is the dual
graph of (converted) GTW subgraph. Both a and b represents one coordinate position like (z, y).
¢(a,b) or ¢'(a, b) denotes the cost of edge on the DTW graph before graph conversion or after graph
conversion. Besides, regarding region R, we denote its upper bound and lower bound by P,,,pcr (R)
and Poyer (R)



Algorithm 1 Convert(R)

Let ¢/(a,b) = ¢(a, b) for all edges (a,b) € corresponding DTW graph of R, ¢(a, b) is its cost
for each column from left to right do

sourceModify = 0 > Save the accumulative value for source edge
for each node v from top to bottom do > Top-down modification
if fin(v) > four(v) then > Entering flow is larger

sourceModify = sourceModify + fi, (v) — fout (V)
c(a,b) = ¢'(a,b) + sourceModify, where (a, b) is the most adjacent edge below v

end if
end for
sinkModify =0 > Save the accumulative value for sink edge
for each node v from bottom to top do > Bottom-up modification
if fin(v) < fout(v) then > Outgoing flow is larger

sinkModify = sinkModify + fou:(v) — fin(v)
' (a,b) = ¢'(a, b)+sinkModify, where (a, b) is the most adjacent edge above v
end if
end for
end for
Return w’ as the modified edges for dual graph (DTW graph) of converted GTW subgraph.

Algorithm 2 DP(R, ¢)

(0, yo) is the bottom-left point of R
Initialize dynamic matrix D, D(xg,yo) =0
for each column of from left to right (x 1) do
x — 1 and x are the x-coordinate boundary of this column
for each row from bottom to top (y 1) do
y — 1 and y are the x-coordinate boundary of this row
Letb = (z,y)
Leta, = (xr —1,y),Cr = D(z — 1,y) + c(ag, b)
Let azy = (2 — 1,y),Cry = D(x — 1,y — 1) + c(azy, b)
Leta, = (z,y — 1),Cy = D(z,y — 1) + ¢(ay, b)
D(z,y) = min(Cy, Cyy, Cy)
end for
end for
Return D

S2.1 Graph conversion

Algo. [T]incorporates flows on E.,,ss by two-pass modifications for each column. The top-down
update incorporates all source edges since each entering flow on s is similar to adding an edge
linking to the source and would impact all edges below, as shown in Fig.3(a)-(e). Through top-down
update, the entering flows can be incorporated by one pass. On contrary, the outgoing flows can be
incorporated by one-pass bottom-up update. Thus, the graph conversion can be done in linear time
complexity.

S2.2 DP on DTW graph

The dynamic matrix D can be calculated in linear time through DP, and each of its elements denotes
the shortest distance between the bottom-left starting point and current position. Then, the shortest

Algorithm 3 Drain(R)

¢’ = Convert(R) > Graph conversion
D =DP(R, )

Find shortest path P from D by tracking back from the top-right end

Return min-cut, where min-cut is dual to P




Algorithm 4 Discharge(R)

¢’ = Convert(R) > Graph conversion
Calculate D, matrix through DP on DTW graph with edges ¢’. (Reverse direction of Algo. [2)
(z0,Yo) is the bottom-left point of R
vMinCut = Dyey(x0,Yo)-
Initialize dynamic matrix D, D(zg,yo) = 0
for each row from bottom to top (y 1) do
y — 1 and y are the y-coordinate boundary of this row
Leta, = (z0,y — 1), b = (z0,y)
D(z0,y) = D(xo,y) + ¢(ay,b)
end for
for each column from left to right (z 1) do
x — 1 and x are the x-coordinate boundary of this column
Initialize vector Cpeion = inf, Cpre = INf > Initialize the min-cut value below each node
for each node v from bottom to top do > Calculate the min-cut value below each node
(a,b) is the edge below v, a = (24,Ya), b = (xp.yp)
CeurPath = D(Ta,Ya) + Drev(xp-yp) + ¢/ (a,b) > The cost of adjacent path below v
Cpre = min(c;m“e; CcurPath
Chelow ’U) = Cpre

end for

for each node v from top to bottom do
Excess € = Cpelow (V) — vMinCut. > Calculate excess on v
initialize send = 0 > Record the pushed out excess
if e > 0 then

Flow pushed out e, = 0.
for {w|v = w,v € G",w ¢ G"} do > same node but in neighbor GTW subgraphs
if d(w) = d(v) — 1 then
er, = min(e, ¢ (v, w))

fin(w) = fin(w) + en, four(©) = four(v) +ep > Push from v to w
fv,w) = f(v,w) + ep, cg(v,w) = cf(v,w) —ep > Push from v to w
ep =€ep+en, e =e—ep, send(v) =ep > Update
end if
end for
end if
vMinCut = vMinCut + e, > New outgoing flow, min-cut value increases
end for
initialize send,. = 0 > Accumulated modification in this column
for each row from bottom to top (y 1) do > Update D one this column
y — 1 and y are the y-coordinate boundary of this row
b= (z,y)

a; = (x —1,y), v, is the node adjacent below (a,,b), send,. = send,. + send(v,,)
Cy = D(z—1,y) + (az,b) + sendg.
azy = (x — 1,9), vgy is the node adjacent below (ay,b), sendq. = sendqe + send(vqy)
Cry =D(x — 1,y — 1) + /(agy, b) + send,.
ay = (z,y—1
Cy =D(z,y — 1) + (ay,b)
D(z,y) = min(Cy, Cyy, Cy)
end for

end for

Find shortest path P from D by tracking back from the top-right end

Return min-cut, where min-cut is dual to P
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Figure S2: Details in “Discharge” operation. (a) Dual DTW graph and node v. The red path is the
shortest path through edge (a,b). (b) The diagram shows how to calculate the shortest path cost
through edge (a, b). (c) Three-pass updating in each column.

path can also be quickly found in ©(v/N) by tracking back from the top-right end of the dynamic
matrix D.

S2.3 “Drain” operation

“Drain” operation only consists of graph conversion and DP, as shown in Algo. 3] Since each one is
linear-time complexity, “Drain” operation can be implemented in linear time.

S2.4 “Discharge” operation

The “Discharge” operation consists of four steps: (1) Incorporating flows on E.,,ss (Graph conver-
sion), which can be done in linear time. (2) Calculating reverse dynamic matrix D, through DP in
linear time, whose each of the elements represents the shortest distance from top-right to the current
position. (3) Updating D from left to right. In each column (Fig[S2), there is one-pass bottom-up
checking the min-cut value below each node, one-pass top-down pushing excess out to other GTW
subgraphs, and another one-pass bottom-up updating dynamic matrix D in each column (considering
the pushed flow). (4) Finding the shortest path from D and returning the corresponding new min-cut.
The first three steps can be implemented in linear time, while the last step can be implemented with
less complexity. Thus, “Discharge” operation can be implemented in linear time.

Specifically, “Discharge” operation contains more than one layer of DP. We will discuss why DP can
implement the linear “Discharge” component operation in the following content.

As mentioned in Lemma 3, the maximum possible excess on node v is the min-cut value in the
residual graph by taking v as the sink. Regarding the primal graph, the value is equal to the
difference between the min-cut between v and s and the real min-cut between s and ¢. That is
the difference between the shortest path distance below v and the true shortest path on the dual
DTW graph. The shortest path crossing one edge (a, b) in the dual DTW graph can be calculated
as D(zq,ya) + Drev(xy, yy) + c(a,b) (FiglS2b)), where D and D, are two dynamic matrices
recording the shortest path from bottom-left and top-right respectively. Through bottom-up checking
(Fig[S2|(c)), the shortest path distance below one node v can be calculated, and then the excess can be
obtained. That’s corresponding to the first one-pass bottom-up checking in step (3), where the values
of shortest path distance can be recursively used. With that result, the excess on each node can be
calculated.

Excess can be pushed in any order, either top-down or bottom-up. Here we choose top-down order
so that there is a large chance for excess to reach the position closer to the sink since the sink is in
the top-left position of each GTW subgraph. This corresponds to the top-down pushing in step (3)

(Fig[S2(c)).

Then, we can normally update the dynamic matrix D by DP from bottom to top (Fig[SZ]c)). But
remark that pushing excess out will further change the flow on F.,,ss and impacts the converted
graph. That means, it will change the values of D,..,, in the current column. Thus, in the outer layer
of AlgoM] we push nodes from left to right, so that the values in D, ., we will use later will not be
impacted. Both dynamic matrices D and D,..,, will only be calculated once, and thus “Discharge”
operation can be implemented in linear-time complexity.



Algorithm 5 Split(R, cut)

Split R into K disjoint components {Ri|k = 1,2,..., K} according to cut, Pypper(R) and
Bower(R)
for all R, higher than cut do
Mark Ry, inactive
Pupper(Rk‘) = Pupper(R)7 -Plower(Rk) = cut
d(Ry) = d(R)
end for
for all Ry < cut do
Mark Rj, active
Ijupper(Rk) = CUta leuer(Rk) = leuer (R)
if d(R) = 0 then

d(Rg) =1
else
d(Ry) = d(R)
end if
end for

S2.5 “Split” operation

Algorithm 6 Gap-relabel

Check the gap between the labels of components.
If not finding the gap, turn. Otherwise, the gap is dgap.
for all R;|d(R;) > dgap do

d(R;) = |V
Set (R;) unselectable.
end for

It’s worth noting that the cut we selected for each “Drain” and “Discharge” operation is the lowest cut
if there are multiple equivalent min-cuts. Then, given such a min-cut, we can ensure the segmented
components above cut are inactive, and segmented components below cut are active (Fig.2(c)). This
can be easily proved by calculating the excess of nodes as shown in step (3) of Algo/d] Besides, for
0-label components, the labels of new segmented active components are set to 1. That’s to ensure
the property that all O-label components still have the ability to drain excess, and it won’t break the
validity of the labeling function as proved in Theorem 2.

S2.6 Gap-relabel heuristic

Algo[S2.5]is the same as the gap-relabel heuristic in generic push-relabel but on the component level,
setting the components with the label higher than the gap unselectable. According to the labeling
function and the rule of pushing, the component with label d can only push excess to the component
with label d — 1. That means no matter how to push the excess, the components with the label higher
than the gap cannot send flow to the sink.

S3 Redundancy in push-relabel method

For push-relabel-based methods, if some excess cannot reach the sink, it will still be pushed back and
forth many rounds until the nodes/components carrying them are relabeled high enough, as Fig[S3)
shows. Then, they can be absorbed by the source and the push-relabel method could terminate. These
redundant steps can not make a real influence on the finial result. Even using the gap-relabel heuristic,
the process of identifying the gap is still redundant, especially when a large number of nodes are
connected and the excess on them cannot reach the sink. The excess has to be conveyed through each
connected node until the minimum label of those nodes is larger than the real gap.
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S4 Illustrative example

Here we show one simple example of joint alignment problem with 2 time series and 4 time points
as shown in Fig. [S4] Since our algorithm majorly works on the dual graph of GTW subgraph, i.e.,
DTW graph, here we show the cut, component, pushing operations on the DTW graphs. We also
have an animation attached in the supplementary to demonstrate this example and explain how the
cut is calculated.

S5 Implementation

S5.1 Implementation of peer methods

We use the following implementations for our comparison, and all of them can be found in our
supplemental material or GitHub website.

* Incremental breadth-first search (IBFS): We use the C++ implementation de-
signed by Goldberg in [4] and the MATLAB wrapper is provided by Anton
https://github.com/aosokin/graphCutMex_IBFS.

* Hochbaum’s pseudoflow (HPF): We use the C implementation described in [6]
https://riot.ieor.berkeley.edu/Applications/Pseudoflow/maxflow.html. MATLAB wrapper is
also provided in the package.

* Boykov-kolmogorov (BK) max-flow: BK method was developed by Boykov and
Kolmogorov [2] and the C++ code with MATLAB wrapper was provided by Anton
https://github.com/aosokin/graphCutDynamicMex_BoykovKolmogorov.

* Highest-label push-relabel (HIPR): This algorithm was implemented in C language by An-
drew Goldberg [3} 3]](v3.5, http://www.avglab.com/andrew/soft.html). The implementation
has two stages while only the first stage for finding the min-cut is used in our comparison.
The MATLAB wrapper was implemented by our team and also attached in the supplemental
material.

S5.2 Implementation of Bldirectional Pushing with Linear Component Operations (BILCO)
method

We implement our algorithm in C++ with a MATLAB wrapper. Due to the requirement of anonymity,
here we only attach our code in the supplemental material. In the camera-ready version, we will
publish our code on GitHub.

S5.3 Memory usage estimation

We have shown the memory comparison between BILCO and peer methods in Table 1. In the
following, we will explain how we obtain those values. It is worth noting that each element of E/
we use includes both forward edge and reverse edge. But for other max-flow methods, each edge
structure only store one directed edge.

From the implementation of BILCO and peer methods mentioned in previous subsections, the memory
usage of each node and edge can be obtained as shown in Table[ST] Each input edge contains two

© The node with excess cannot reach sink

Sink
d=1 d=2 d=2 d=2
.\/ /O\'
-«
~ d:1\‘%:11d:?( T2 42"\ d,nd%‘\\/v 2.
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1 .
Real cut e ’ — Redundant computation /\
(\ \ ‘4, d:3\ 0 > d:11\ e
------- Source

Figure S3: Diagram of the common issues in push-relabel-based methods.
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Figure S4: An illustrative example.
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Table S1: Memory usage (bytes) of node and edge among IBFS, HPF, BK, and HIPR.

IBES HPF BK HIPR
Node 48 88 48 48
Edge 32 32 32 24

directed edges, the memory of IBFS and BK can be calculated as the same 48|V'| + 64|E|. HPF and
HIPR are more complex. There are extra memory costs such as saving “buckets” in HIPR, or saving
“roots”. Especially, for HIPR, it stores every directed edge individually and further creates a new edge
as the corresponding reverse edge. Each input edge we use will correspond to four edge structures in
HIPR. Counting all extra cost, HPF and HIPR cost the memory 156|V'| + 96|E| and 64|V | + 112|E|,
respectively.

For BILCO algorithm, it takes the structure of GTW graph into account. For each node, it uses 8
bytes (the length of pointer) to record their corresponding component address, 4 bytes (float type)
to store f;, and f,,: (save in the same vector. Positive and negative values represent entering
flow and outgoing flow), 2 bytes to record the cost of one point in the warping function (like the
distance between x[k1] and y[ks]. Two nodes are in the same block of DTW graph thus each
element of cost (float type, 4 bytes) is corresponding to two nodes). Besides, we also record
the flows on E.,,ss, €ach edge will cost 4 bytes. However, due to the structure of GTW graph,
|E| = |Ewithin| + | Eeross| & 1.5|V| + | Ecross| (2 nodes are corresponding to one block in the dual
DTW graph, averagely 3 edges for one block). Since the smoothness in Equation (1) is the same, the
capacities of all edges are the same and there is no need to record the capacity for each edge. And the
bucket is set dynamic, compared to the |V'| or | E/|, the memory usage is neglectable. Counting all the
necessary memory, BILCO costs 8|V'| + 4| E| bytes.

S6 Experiments

In this section, we state the empirical hyperparameter setting in Section [S6.1] then explain the details
of each experiment (synthetic data, real data on three distinct categories) in Section[S6.2]-[S6.5] More
experimental results are given in Section [S6.6|

cost(P,) in Equation (1) may use the different distance measures. Here we use function
g(x[k1], y[ke]) to represent the cost of aligning the ki, time point of time series = and the
kagp, time point of time series y together in the following settings. That means, cost(P,) =
> (ks ka)ep 9([k1], y[ko]). In different experiments, the distance metric is different.

S6.1 Hyperparameter setting

The hyperparameter  in Equation (1) adjusts the balance between the pairwise profile similarity of
single time series pair and the warping function distance between two neighbor pairs. Since in all the
experiments we’ve done preprocessing step to normalize the data, we set  to 0.2 or 1, an empirical
setting for good alignment performance.

S6.2 Setting for synthetic data

We generate the synthetic data mimicking the real propagation in [[12]. The bell-shaped signal first
appears in the center of a 2D grid, then propagates to the boundaries with the same speed in each
direction. The intensity of the signal keeps the same during the propagation, while Gaussian noise is
added with 10 dB signal-to-noise (SNR) ratio. The smoothness of warping functions was encouraged
in 4-connected neighbor pixels, of which the GTW graph is just like the one in Fig. 1(d). To use the
empirical setting of «, the curves of all the pixels are normalized by dividing the standard deviation of
the noise. And all the curves are aligned with the same referenced curve, which is the signal template
without noise. The distance metric is set by squared error, i.e., g(x[k1], y[k2]) = (z[k1] — y[k2])?.
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Figure S5: The obtained signal propagation of one example dataset. Different color shows the
different rising time, while the intensity of color shows the strength of the signal. If there is nearly no
signal, it will show a gray background.
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Figure S6: Results of extracting depth information. The top row, second row, and the last row show
the left view of binocular stereo, pairwise alignment result, and joint alignment result.



S6.3 Setting for application to calculating signal propagation and results

Data acquisition: The “Glia Ca?>*” data is one crop data collected in the experiment following the
similar setting of [7]. There are 24411 time series pairs with curve length 150. The downsample
“Glia Ca®t#” is the spatial downsampling data of the former with resizing parameter 0.25. That is,
“1570” time series pairs with the curve length. ““5 rat astro ATP” data is one crop of public data in
[10], with 8243 time series pairs and 70 time points. “Exvivo Ca?*” data is one crop public data in
[L1] that needs to align 6794 time series pairs and 70 time points.

Preprocessing: This application is aimed to calculate the signal propagation, where background
intensity is not considered. Thus, for each dataset, we estimated the background image first (moving
average) and then removed it from the original data. To apply the empirical  setting, we normalized
each pixel curve by its noise standard deviation. The processed reference curves and test curves can
be found in supplemental materials.

Alignment setting: We used the same referenced curve for all pixels in the same dataset to calculate
the signal propagation. That is, the curves of all pixels were aligned to the same template. The
template is calculated by averaging all the curves to align first and then smoothed later. Due to
the strong signal in these datasets, a small x = 0.2 is enough to constrain the distance of warping
functions and give a good signal propagation result. We used the squared error as the distance metric
in this application (g(z[k1], y[k2]) = (z[k1] — y[k2])?).

Alignment results: Fig[S5|shows the obtained signal propagation pattern of one example dataset.
Though the high resolution makes it hard to find the difference in the large scope, in a small scope
the artifacts in pairwise alignment can be found while joint alignment shows a good result. For a
low SNR scenario as Fig.1(e), where x = 0.2, the necessity of joint alignment is obvious. From the
result of joint alignment, we can definitely find two different signals and detect the boundary between
them, while from pairwise alignment, it’s hard to discover the same thing. And under such case, if do
smoothing on the result of pairwise alignment, the boundary will be blurred and two signals may be
considered as one signal. That demonstrates the necessity of joint alignment.

S6.4 Setting for extracting depth information and results

Data acquisition: All the binocular stereo data in this application are collected from [9], where two
images of the same scene are recorded and processed with image rectification. The depth information
is inversely proportional to the binocular disparity, which is the misalignment of the same object only
in the horizontal direction. Thus, through alignment technique, the depth information can be derived.
The original data is 1080 x 1920, while the downsampled data is 324 x 576. They can be found in
supplemental materials.

Preprocessing: Since our BILCO is designed for general use of joint alignment and not purposely
designed for dealing with RGB data, the input data is converted to gray data in preprocessing step.

Alignment setting: We align each row of two images of the same scene, where the smoothness is
encouraged between adjacent rows according to the smooth surface assumption. The absolute error is
adopted as the distance cost in this application (g(z[k1], y[k2]) = |z[k1] — y[k=])|. Besides, we set a
window size of 1/5 sequence length to avoid unnecessary computation.

Alignment results: Fig[S6|shows the depth information extracted through pairwise alignment and
joint alignment. Though joint alignment also contains some artifacts, it is much better than pairwise
alignment and can provide enough depth information for the major targets. The performance of such
an application is very hopeful to be improved if we take three channels of RGB data into account.

S6.5 Setting for signature identification and results

Data acquisition: The signatures are obtained from [8]], where only the first 20 people’s signatures
are used in our experiment. There are 25 genuine signatures and 25 forgeries for each person, thus
totally we have compared 1000 signatures. Each signature has five dimension feature sequences:
x-coordinate, y-coordinate, pressure, pen azimuth, and pen elevation. All these features are collected
under a sampling rate 100H z. The lengths of sequences of the same signature are the same, while
different signatures may have different lengths, even if they belong to the same person. Due to
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Figure S7: - (a) Distance measure distributions for genuine signatures and forgeries under pairwise
alignment and joint alignment from first two persons. (b) Distribution of BILCO speed-up compared
with the best peer method in 1000 signature identifications.

the license limitation, we won’t provide the signature data in our supplemental material. It can be
required from http://atvs.ii.uam.es/atvs/mcyt100s.html.

Preprocessing: To balance the impact of different sequences, we normalize the data by following

two steps: (1) Subtract the mean value from each sequence. (2) Divide the standard deviation of each
z—mean(x)

sequence. For example, the feature sequence x is processed by 2’ = =~ @)

Alignment setting: For each person, we used one genuine signature as the reference pattern to
match other signatures from the same person. The same features are aligned, while smoothness is
imposed between different features. We adopt the squared error as the distance cost in this application
(g(z[k1], y[k2]) = (x[k1] — y[k2])?). The hyperparameter r is set to be an empirical setting 0.2.

Alignment results: Fig[S7(a) compares distance measure distributions under pairwise alignment
and joint alignment for first two persons’ signatures. It’s obvious to find that the genuine signatures
and forgeries are more separable under joint alignment, this demonstrates the necessity of utilizing
dependency information. Fig[S7|b) also shows how many folds speed up BILCO can present
compared with the best peer method in 1000 comparisons, where BILCO provides an averagely
15-fold speed-up.

S6.6 Complementary results

We’ve done more experiments on the application of calculating signal propagation and extracting
depth information, the efficiency and results are listed in Table[S2} Fig[S8and Fig[S9]
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Figure S8: The obtained signal propagation of complementary experiments. Different color shows
the different rising time, while the intensity of color shows the strength of the signal. If there is nearly
no signal, it will show the gray background.
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Figure S9: Results of extracting depth information for complementary experiments. The top, the
second, and the last row shows the left view of binocular stereo, pairwise alignment result, and joint
alignment result.
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Table S2: Efficiency Comparison of different methods on real data.

Problem BILCO IBFS HPF BK HIPR
Time Time/(Time of BILCO)
Name VI IEl Memory Memory/(Memory of BILCO)

Calculate signal propagation in imaging data (the third one is from [10], others are generated by us)
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Extract depth information in binocular stereo (data from [9], no window size is limited)
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