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Fig. 1. Modeling two coupling nets.

the number of extra tracks needed. If a region still requires extra
tracks after bound partitioning and net ordering, some nets in the
region are ripped up and rerouted through other regions.

In this paper, we consider crosstalk avoidance during global
routing. We use a crosstalk model which is more general than that
of [8]. In order to have an accurate crosstalk estimation, we extend

Abstract—Due to the scaling down of device geometry and increasing of global routing to include layer and track assignments. Based on this
frequency in deep submicron designs, crosstalk between interconnection €xtension, a noveCrosstalk-Constrained Global Routimggoblem is
wires has become an important issue in very large scale integration (VLSI) defined. Many subproblems of this problem are shown to be NP-hard.
'ay‘t’i‘;t dﬁg”-r'enstehrﬁ gaplf(’)rtv);‘l’erggt’i‘sidglr Cgﬁfﬁ:ﬁ“é ;‘g’gédggcae ‘rj]‘écvn%?e'%t;ar' Therefore, a two-stage heuristic approach is used to control crosstalk.
I:)eue fgr.mulat[ijon and thge LagrangiarﬁJ relgatxation technique. We also give First, an. initial 39",’“9” is constructed based on a new Steiner tree
theoretical results on the complexity of the problem. formulation to minimize the total crosstalk. After that, crosstalk on
each net is estimated. The nets having crosstalk violations are then
ripped up. They are rerouted by a Lagrangian relaxation technique
to satisfy crosstalk constraints.

The rest of the paper is organized as follows. Section Il introduces

I. INTRODUCTION the general crosstalk model we use. Section Il extends the global

With very large scale integration (VLSI) fabrication entering théouting _to include Iaye_r/track assignment _and defines the crosstalk-
deep submicron era, devices and interconnection wires are begﬁ)%stramed global routing problem. In Section IV we show that many
placed at an ever increasing proximity. Reduction in the interconné&PProblems of the crosstalk-constrained global routing problem are
and transistor switching delays results in faster signal transition tim&-hard. Section V presents our global router for crosstalk control.
All these factors increase the coupling effect (inductive and capddnally, Section VI concludes the paper with experimental results.
itive) between interconnection wires. Increased coupling effect not

Global Routing with Crosstalk Constraints

Hai Zhou and D. F. Wong

Index Terms—Crosstalk, integrated circuit interconnections, layout,
routing.

only increases signal delays, but also decreases signal integrity due Il. CROSSTALK MODEL
to transmission line behavior. This phenomenon is catlestalk  consider two coupling nets as shown in Fig. 1(a). We can model
[1]. them by a circuit shown in Fig. 1(b). In this figure,, v» represent

Most previous work on crosstalk avoidance is focused on detailg¢h input waveforms of source driverg, , R represent the driver
routing [2]-[7], where the estimation of crosstalk is accurate but thesjstances(” represents the coupling capacitance between the nets,
flexibility to avoid it is restricted. Therefore, it is often not possible tgg C4, C., represent all other capacitances besidedhe crosstalk
find a crosstalk-feasible solution in detailed routing if global routingtfect on net 2 can be thought of as the difference of voltages on node
is crosstalk-blinded. O with or without the signal switching in net 1. Here, we can see

In order to make a global routing solution crosstalk risk-free, Xugat besides coupling capacitane crosstalk effect also depends on
etal. [8] proposed a post global routing adjustment procedure Hjver strengthg R, and R.), other load capacitancés’; andC),
modify a given routing solution. It used a gridded model and assumgflq the input waveformév, andvs).
that crosstalk only exists between adjacent wires. That is, if there is 8mong all parameters affecting crosstalk effect, we assume that
spare track between two wires, then there is no crosstalk betweg{ly the coupling capacitance is controllable by layout design. Other
them. The crosstalk risk estimation is divided into two couplegarameters are either not changeable or not preferred to be changed.
procedures: bound partitioning and net ordering. Bound partitioningoever, they are useful information for crosstalk control in layout
partitions the crosstalk bound of each net into the regions it routggsign. For example, if we know net 1 and net 2 will never switch
through. Net ordering orders the nets in each region to use as fgihe same time, then we can safely route them together since the
spare tracks as possible. Their approach is region-based, thatcigsstalk effect will be zero even they are heavily coupled. We model
crosstalk risks are defined by the regions requiring extra tracks aggd parameters except coupling capacitancechysstalk coefficient

For each net, the crosstalk coefficienfrom net; is a real number
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Fig. 2. An extended global routing solution.

analysis, which in turn depends on crosstalk. Therefore, in the woistAn extended global routing solutiois an edge labeling of the
case, we can use the summation of all effects from other nets as fiven S(e¢) = (s1, $2,...,sx), where eachs; for 1 < i < kis a
total crosstalk on one net. That is sequence of nets. Far< ¢ < n, the edges including must form a
X — Z e O Steiner tree for net. If s; = (..../2,_1,37...), this means that pets
ERAVAV RS 1, 2, and3 are routed through region(e) and placed in layef in
a7 the order2, 1, 3. For example, an extended global routing solution
where(C;; is the coupling capacitance between heind netj. is shown in Fig. 2, where each region has only one layer.
Generally speaking, each element in a chip is coupled with Given an extended global routing solution, the adjacency informa-
every other element. But coupling capacitance decreases rapity is known in each edge. Suppose netsd; are adjacent on layer
when an element is out of the neighborhood of the other elemehbf edgee, the coupling capacitance between the parallel wires can be
For interconnect, coupling capacitance between perpendicular witgsnputed a<”' = «a(I(e)/(ci(e)/Ni(e))”), where Ni(¢) represents
is also very small. Therefore, we assume coupling capacitartte number of nets on layérof edgee. In this way, crosstalk on
only exists between neighboring parallel wires and is given by tleach net can be computed. Usiig(.S) to represent crosstalk on net
following formula: ¢ under an extended global routing solutiSnthe problem we need
to solve can be defined as follows.
Problem 1—Crosstalk-Constrained Global Routing (CCGRyen
a routing graphZ = (V. E'), n nets, and their crosstalk constraints
Ci,...,C,, find an extended global routing solutigh such that
X:(S) < C;forall<i<n

@)

length

C=u« 7 2)

distance

wherej is a constant which was estimated to be about 2 in [9].

I1l. PROBLEM FORMULATION

In traditional design flow, routing is divided into global and
detailed routing. In global routing, a set of regions for each net to go
through is decided. In detailed routing, actual routes in each region
is then computed. From the previous section, we know couplingln the CCGR problem, both routing topology and adjacency
is critically dependent on wire adjacency. However, in traditionaklations in each region can be changed. Therefore, the following
global routing, for each net, only routing regions it going through amaethods can be use to reduce crosstalielding(inserting a spare
decided. The adjacency information in each region is not availabigire between coupling netsyack assignmenfchanging neighboring
Therefore, it is not possible to get accurate crosstalk estimationriglations of nets) antayer assignmen(distributing coupling wires
that situation. to different layers). Restricting the CCGR problem to each of these

In order to estimate crosstalk during global routing, some “denethods, we can formulate the following subproblems.
tailed” information must be known. However, doing the whole task Problem 2—Shielding for Crosstalk Contrdbuppose the routing
of global and detailed routing together would be very complicatetbpology and layer/track assignments in all regions are fixed, and only
Therefore, the idea is to do a “simplified” detailed routing “on th@ne shielding wire can be inserted in each region. Find a shielding
fly” during the process of global routing. This detailed routing mugiosition in each region such that each net satisfies its crosstalk
be simple enough to be merged into global routing process, andcanstraint.
the same time, must be detailed enough for crosstalk estimation. Problem 3—Track Assignment for Crosstalk MinimizatiSBaoppose

In global routing, the routing area is usually divided into an arrathe routing topology is fixed, and so are track assignments in all
of rectangular regions. A vertex is placed at the center of each regi@gions except one. Find a track assignment in that region such that
and an edge is used to connect the vertices of neighboring regiath& total crosstalk on all nets is minimized.

Thus, an edge also represents a rectangular area between the cenFmoblem 4—Track Assignment for Crosstalk Cont®uppose the
lines of two neighboring regions. Actually, in multilayer designstouting topology is fixed, and so are track assignments in all regions
this area may consist of more than one layer. We assume that eagbept one. Find a track assignment in that region such that each net
layer is composed of tracks with equal spacing and each track cstisfies its crosstalk constraint.

be used only by one net. During global routing, besides decidingProblem 5—Layer Assignment for Crosstalk Cont&ilppose there
which regions a net goes through, layer and track assignmentsaie only two layers in each region, and the routing topology and net
each region are also decided. Formally, we have an undirected graptterings in all regions are fixed. Find a layer assignment in each

IV. COMPLEXITY RESULTS

G = (V, E), where each edge represents a regiorn(e) which has
a lengthi(e) and may haveé: layers each with a capacity(e), for

region such that each net satisfies its crosstalk constraint.
As stated by the following theorem, all the above problems are

1 < ¢ < k. Also specified are: nets each of which is a subset ofintractable.
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Theorem 1: Problems 2-5 are all NP-hard. Teag) (2543) o
Proof: We show NP-hardness of these four problems by reduc-
tions from two problems: PARTITION and HAMILTONIAN PATH. ((3.1.,5.2))
These problems are defined as follows [10].
PARTITION

INSTANCE: Finite set4 and a sizes(a) € Z T for eacha € A.

QUESTION: Is there a subset’ € 4 such thatS,c 4/ s(a) =
EaEAfA’ S(d)?

HAMILTONIAN PATH

INSTANCE: GraphG = (V, E).

QUESTION: DoesG contain a Hamiltonian path?

Specifically, we reduce PARTITION to the problem of shielding
for crosstalk control and the problem of layer assignment for crosstadk Minimum Crosstalk Steiner Tree
control, and reduce HAMILTONIAN PATH to the problem of track

Fig. 3. Routing net 5.

. tf talk minimizati d th bl £t Since a sequential routing approach is used, the kernel procedure is
assighment for crosstalk minimization an € problem o ra%w to construct a Steiner tree and decide the layer/track assignment

assignment for crosstalk_ CO_erL in each region such that the total crosstalk is minimize. Formally,
Let the problem of shielding for crosstalk control has three NeSis can be defined as the following problem

1-3, which are routed by the same topology and layer assignmenf_.,roblem 6
and fixed in the sequence 1, 2, 3 in each region. Also each regi&%‘th _
is one-to-one correspondent to are A, that is, crosstalk between
two adjacent wires in the region iga). The crosstalk constraints
areCy = C3 = T.ca s(s)/2, andC> = oc. It is easy to check that t
there is a solution to this problem of shielding for crosstalk contrﬁ)i minimized.
if and onlly.n‘ PARTITION has a yes answer. . Let X“(S) denote the summation of crosstalk on all wires in edge
Very similarly, let the problem of layer assignment for crosstallé under solutionS. The objective function in the above problem can
control has three nets, 1-3, which are routed by the same topolo&y rewritten as follows:
and net ordering. The crosstalk between adjacent wires in a region is

Minimum Crosstalk Steiner Tre@iven a routing
(V. E) and an extended global routing solutiSrfor nets
1,..., m — 1 which minimizes the total crosstalk, find an extended

global routing solutionS’ for nets 1,..., m such that routing

pologies for netg,...,m—1 are kept and\ ($’) = =%, X,;(S5")

alsos(a) for eacha € A. The crosstalk constraints are the same as X(8)=> x°(s)
in the above reduction. It is also easy to check that there is a solution =
to this problem of layer assignment for crosstalk control if and only = Z Xe(S’) + Z X (5’)
if PARTITION has a yes answer. €l @,
GivenG = (V, E) as an instance of HAMILTONIAN PATH, for e . e
eachw € V, we will have a neb in the problem of track assignment = Z (X (S ) - X (S)) + Z X°(5) ®)

for crosstalk minimization. For any pair of netsandv, its crosstalk c€lm “€

coefficiente,, = e,, = 0 if (u,v) € E; otherwisee,, = ¢,, = WhereT, represents the Steiner tree for net For each edge,
1. Each of these nets is routed through different regions exceptdr (5') — X(S) is the difference of the minimum total crosstalk in
one region where all nets are routed together. It is easy to check tadgee before and after routing net through that edge. Given a set
there is a track assignment with zero total crosstalk if and onfy if of nets going through an edge, the minimum crosstalk in the edge
contains a Hamiltonian path. can be computed by an optimal layer/track assignment. Therefore,
We construct the problem of track assignment for crosstalk contige can computeX (S') — X°(S) and use it as the cost of edge
exactly the same as in the above reduction. Furthermore, we set¢h&inceZ.crx X(S) in (3) is a constant, the minimum crosstalk
crosstalk constraint for each net to be zero. In this case, it is alSteiner tree problem becomes a minimum Steiner tree problem with
easy to check that there is a solution to the problem if and ondy if the given edge costs.
contains a Hamiltonian path. [ Unfortunately, according to Theorem 1, layer/track assignment
for crosstalk minimization in one region is NP-hard. Therefore, a
heuristic is designed to do the job. It works as follows. First, we
decide an ordering on all nets. Then, each net is added sequentially to
V. A GLOBAL ROUTER WITH CROSSTALK CONTROL the region according to the order. When adding one net, the existing
Cﬂgts keep their relative ordering, and the new net is inserted to a
tﬂosition which gives the minimum increase of crosstalk.
Sf we use the same net ordering for routing in the above heuristic,

problem. Itis a sequent_lal approach, that is, ro_utlng is done net e layer/track assignments can be merged into the routing process.
net. This approach consists of two stages. The first stage constructs i . .

. - N . n this case, when computing edge costs, there is no need to do
routing solution to minimizes the summation of crosstalk on all net% erftrack reassignments for the existing nets. Supgdsehe given
Each time, a Steiner tree is computed for a net which minimizesy )

. . . . Solution for netsl,...,m — 1, the cost of routing netn through

the total crosstalk and its topology is then fixed for the remaining, . L . . .
. L ee is the minimum increase of crosstalk by inserting met

nets. In the second stage, crosstalk on each net in the initial solutjg S )

. . ; R .~ 1n_one sequence af(e). A minimum Steiner tree based on these

is estimated. The nets having constraint violations are then rlppgg

. i . - ge costs, together with the corresponding insertions, forms the new
up. During rerouting, a method based on Lagrangian relaxation js~ . / o S
sQlutionS’. An example of the procedure is given in Fig. 3.

used to balance crosstalk of each net according to its constraint . . o R
In practice, crosstalk is not the only objective we want to minimize.

Since there is no forbidden region in the process, a new route . . .
o e also need to consider wire length and congestion. In such case,
have the same topology as the old one but with different layer/trac . L
I%can use the following edge cost function:

assignment. This means layer/track reassignment is also includetyv
this procedure. cost(e) = a - length(e) + 3 - overflow(e)® + ~ - ztalk(e)

As shown in the previous section, many subproblems of the CC
problem are NP-hard. Therefore, we use a heuristic to solve
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Algorithm Heuristic for minimum Steiner tree
let I(s) =0 for a pin-node s, and let [(v) =oo for all other nodes;
insert s into a priority queue () and mark all other pin-nodes;
while (@ is not empty) {
u = extract-min{(Q);
if (¢ is not marked)
for (each neighbor v of u) {
if (L(v) > I(u) + cost(u,v)) {
Hwy = l(u) + cost(u,v);
parent(v) = u;
insert v im ) if it is not;

else {
unmark (u); I[(u) =0; insert u in Q;
z = parent{u);
while ((z) £0) {
l(x) =0; insert z in @Q;
x = parent(z);

Fig. 4. Minimum Steiner tree heuristic.

whereoverflowe) is the needed extra space exceeding the capacityuting solutionS’ for nets1, ..., m such that the routing topology
of edgee, andxtalk(e) is the increase of crosstalk on edgeBased for netsl,...,m—1is kept, andength (S’ )+ pi (X (S")—C;)
on this cost function, any Steiner tree heuristic on general weightisdminimized, wherdength(S’) is the wire length in solutiord’.
graph can be used to construct a Steiner tree which simultaneousliet length,(S’) be the wire length of netunder solutionS’. The
optimizes the wire length, congestion, and crosstalk. objective function of above problem can be rewritten as follows:

The Steiner tree heuristic we use in our global router is based on m
the shortest path and the minimum spanning tree. According to [1;,Jngth(5/) + Z i (Xi(S') = C3)
these heuristics are guaranteed to have solutions witHir- 1/1) of Py
the optimum, wheré is the number of leaves in the optimal solution. m
We use Dijkstra’s algorithm [12] for the shortest path and Prim’s = Z (lcngthi(S') + 1 X (S’)) - Z 1 C
algorithm [12] for the minimum spanning tree. The reason we use i=1 i=1
Pr!m’s algor!thm instead of quska} s is that Dljkstrfas algorlthm and SinceTr™, 1, is a constant, by treatingngth, (S)+1: X:(S')
Prim’s algorithm are both working in a tree expansion fashion, hence, . 4 ) -

crosstalk” on net, the Lagrangian subproblem becomes the

m

a!

icnar::ibefasuy combined. The pseudocode of the procedure is 9¥§Rimum crosstalk Steiner tree problem, hence can be solved by
g- % the same algorithm.
Let L(p1,-. ., tm ) denote the optimal solution of the Lagrangian
B. Rip-up and Reroute Based on Lagrangian Relaxation subproblem. For any; > 0,1 < i < m, we have
Given an initial solution constructed by the minimum crosstalk Lin i)
LoyeeesHm

Steiner tree algorithm, nets with crosstalk violations are ripped up. We
reroute them one net at a time in the order of decreasing violations. . / < - et
When routing a net, besides crosstalk on the current net, extra =gt {length(s ) +Z ”Z(X’(S) Cl)

. . =1
crosstalk can be induced on previously routed nets. Therefore, we
< min {
S/

length (S') + i i (X,- (8 - Cl): Xi(9")

=1

need to solve the following problem.
Problem 7—Rerouting for Crosstalk Contr@iven a routing graph

G = (V,F) and an extended global routing soluti¢h for nets

1,...,m — 1 such thatX;(S) < C; for1 < ¢ < m — 1, find <Ci,1<i< m}

an extended global routing solutici for nets1,...,m such that

routing topologies of net$, ..., m — 1 are kept, the wire length is < ng,n {length (S’): X, (S') <CL1<i<mb.

minimized, andX;($') < C; forall 1 <i < m.

Compared with the minimum crosstalk Steiner tree problem which This means that, for any fixed; > 0,1 < i < m, the solution
minimizes the total crosstalk, the above problem requires to balansiethe Lagrangian subproble(:, ..., 1, ) is a lower bound of
the crosstalk on each net according to its constraint, hence is mgie rerouting for crosstalk control problem. Therefore, if we find
complicated. However, we can use Lagrangian relaxation technigyg ..., ;% such that
to satisfy all constraints simultaneously. By relaxing constraints into
objective function, we have the following problem. L(piseeespim) = Hé,i,n{lﬁﬂ/!ﬁh(S')r Xi(8") < Ci1<i<m}

Problem 8—Lagrangian Subproblem (LSPBiven a routing
graphG = (V, E), an extended global routing solutia® for nets we know thatS’ is an optimal solution. Therefore, we need to solve
1,....,m — 1, and constants, ..., u., find an extended global the following problem.
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TABLE |
EXPERIMENTAL RESULTS
Traditional post-GR layer/track our approach
test GR assignment first stage second stage
problems | #vio. | max. vio | #vio. Max. vio | #vio. | Max. vio | #vio. | Max. vio
amid9.1.a 329 285.29 301 191.91 121 81.46 1 0.84
ami49.1.b 252 86.27 143 35.46 46 15.23 1 0.14
amid9.1.c 303 114.50 265 46.78 146 25.93 3 0.90
ami49.2 325 100.46 283 46.16 156 16.92 2 0.19
ami33.1 70 82.15 65 31.90 35 8.97 5 0.39
ami33.2 64 83.07 55 31.87 24 8.89 1 0.19
apte.a 19 21.93 11 7.56 3 4.54 0 0.00
apte.b 17 5.15 11 2.10 5 1.74 0 0.00
xerox.1 49 5.16 9 4.34 3 3.83 2 0.08
Xerox.2 57 17.17 18 5.87 2 0.32 0 0.00
Xerox.3 70 19.70 34 31.23 22 15.98 0 0.00

ever seen solutiof’ with shortest wire length such that; (5') < C;

Alg}?r_ité‘_m Sub-gradient Method for LMP or a solutionS’ such thatmax; (X;(S") — C;) is minimum. If the
s subgradient method does not give the optimal solution within those
fort=1tom . . .
i = 0; iterations, we use the recorded best solution.
while ( stop criteria not satisfied) {
Solve the LSP by the Steiner tree heuristic; VI. EXPERIMENTAL RESULTS
fori=1tom . . . .
Z, — e N . We implement the global router described in Section V on a So-
iy = max{0, u; + 0. (X;(S) - Ci) ) ' A s ) ;
=kl laris/PC platform. Five circuits from the Collaborative Benchmarking
} Lab at North Carolina State University (CBL/NCSU) building block
benchmarks: ami33, ami49, apte, hp, and xerox are used. Since these

benchmarks do not come with placement information, we use a
floorplaner based on simulated annealing [14] to give placements.
Using different parameters, we obtain two different placements for

Fig. 5. Pseudocode of subgradient method.

Problem 9—Lagrangian Multiplier Problem (LMP): both ami33 and ami49: ami33.1, ami33.2, ami49.1, ami49.2, and
‘ three different placements for xerox: xerox.1, xerox.2, xerox.3. Using

Mazimize  L(py, ..., pm) different minimum track spacing and crosstalk constraints, different

subject to i > 0,¥1 <i <m test problems are produced for the same placement, which are

indicated by the suffixes: a, b, etc.

The above problem has a good property for optimization: it is In order to measure the effectiveness of our global router, we
a convex program. Nonlinear programming techniques can be usgnpare it with two other routing approaches. “Traditional GR” only
to solve this problem. Sincé(p1,...,u1.) as a function is not considers wire length and overflow, and nets are ordered sequentially
everywhere differentiable, we will use the subgradient method #@ each region. “Post-GR layer/track assignment” uses the same
solve it. The pseudocode of the subgradient method is given tippologies as in traditional GR but use the greedy heuristic given
Fig. 5. in Section V-A to do layer/track assignment in each region. For each

The general theory for subgradient method states thét &= 0  approach, the numbers of nets having crosstalk violations and the
and=*_, ¢, — oo ask — oc, it will converge to an optimal solution maximum violations are reported in Table I. For our global router,
[13]. Intuitively, the procedure can be explained as follows. First, weoth results after the first stage (i.e., minimizing total crosstalk) and
give a relative weight to each net as the importance of its crosstéfle second stage (i.e., rip-up and reroute by Lagrangian relaxation)
control. Then we minimize a weighted sum of crosstalk on all netgre reported. As we can see, after rip-up and reroute, almost all
After that, we estimate the crosstalk on each net. For those nets witblations are solved. For those few nets which still have violations,
violations, we increase their weights according to the violations; fde violations are so small that it could be easily solved in detailed
those nets with slacks, we decrease their weights according to tagting.
slacks.

The only problem with this approach is that there may exist a
“duality gap” between the problem of rerouting for crosstalk control

and the corresponding Lagrangian multiplier problem. That is, it igl] H. B. Bakoglu, Circuits, Interconnections, and Packaging for VLSI
possible that Reading, MA: Addison-Wesley, 1990.
[2] K. Chaudhary, A. Onozawa, and E. S. Kuh, “A spacing algorithm

o , , for performance enhancement and cross-talk reductionProc. Int.

min{length(S"): X;(S") < Ci} > max L{pi,-. ., ftm)- Conf. Computer-Aided Design Santa Clara, CA, Nov. 1993, pp. 697—

702.

Furthermore, solving the problem of rerouting for crosstalk contro[3] T. Gao and C. L. Liu, “Minimum crosstalk channel routing,” Rroc.
is just one step in the whole process of rerouting. Hence, it is !Nt Conf. Computer-Aided Design Santa Clara, CA, Nov. 1993, pp.

. . . 692—-696.
not necessary to spend too much time to get an optimal solutio 4] . “Minimum crosstalk switchbox routing,” inProc. Int. Conf,

Therefore, we set up an upper bound on the number of iterations.” computer-Aided Design San Jose, CA, Nov. 1994, pp. 610-
During the iterations, we also record the best solution, that is, the 615.
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