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I. INTRODUCTION For instance, let's assume that = 3, L, = 2, andL3 = 2
A. Background (i.e.,G =3,N = 7). Thenthe following is a linecard schedule:
With increasing demand for high speed communications 123 45 67
therg is an urgent need for hi_gh capacit_y and I_ow power_router g i é‘ 2 (7’ I ;
architectures. One such architecture using optical tdolggas T=|"4 5 6 7 1 2 3
proposed in [1]. 5 6 7 1 2 3 4
Figure 1 shows the block diagram of the proposed architec- (; Z ; :2,’ i g 2

ture in [1]. As mentioned in [1] the number of linecards prease
can keep on changing as more and more linecards are addeB.afindings Of The Work
network grows or linecards are removed as they fail. The-load |t can pe concluded from above that the line cards need to
balanced switch works by spreading packets over all liearye gcheduled in an efficient way, so that it will not effect the
and therefore needs to be aware of which linecards are prestﬁ?bughput. The basic algorithm for implementing the liaet
and which are not. If some linecards are missing, traffic rhast scheduling was discussed in [1] in detail. The typical regui
spread equally over the remaining linecards. The switchdab ynent for the router would be to perform the scheduling with
must be able to schedule the traffic uniformly over the limésa j, 5oms. Software implementations are slow and it is highly
present. [1] describes an algorithm to do this, and prov@sth jmpossible to achieve these speeds with them. The basic soft
will always find a valid configuration. ware implementation results in [1] show that it takes 50 adso
We will assume throughout that there @ egroups; group 5 complete a scheduling of 640 linecards with 40 groups- Cus
containsL; linecards, and the total number of linecards is:  {om hardware implementations can be used to achieve the 50ms
I target. This can be done by exploiting the parallelism in the
N = Z L;. algorithm and efficiently implementing that in hardware.eTh
=1 following are the highlights of this work
1) Showed that the 50ms target is achievable using a 4ns
clock cycle time for the hardware.
Modified the Ford-Fulkerson algorithm [13] and imple-
mented the Group-Group (GG) schedule in 2 phases,
greedy and back-tracing. It is the back-tracing that
uses modified Ford-Fulkerson algorithm targeted towards
hardware implementation.
Used an algorithm based on Slepian-Duguid [14] instead
of Birkhoff-von Neumann decomposition theorem [5],
[6] to exploit the parallelism for the Linecard-Group (LG)
and Linecard-Linecard (LL) schedules. This step is also

We will assume thatl;, Lo, ..., Lg are fixed for a given
linecard arrangement. 2)

During every frame ofV time-slots each sending linecard
needs to be connected exactly once to each oflreceiving
linecards. Similarly, each receiving linecard needs to dre c
nected exactly once to each of thé sending linecards. Fur-
thermore, in every time-slot, each sending linecard caoowt 3)
nect to more than one receiving linecard, and vice-versa.

Put mathematically, if sending linecaids connected to re-
ceiving linecardl;; in time-slotj, then:

Ty # Ty for all j # ; d|V|gIed mto_gr_eedy and ba_lck-tracmg. _

T + Tj forall i’ # i 4) A simple priority encoder is used for searches ,i.e, when
'y ) .. .

T,;€{1,..,N} forallij ever a decision needs to be made in hardware.

5) Further parallelism is exploited in LG and LL schedules.
We'll call T thelinecard scheduleT is a Latin square, i.e.  This work focuses on

the numbers from to N appears exactly once in every row and « Initial feasibility study of different algorithms, impleamt-

every column. We will refer to a time-slot as a column. ing them in C for functional verification.
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Fig. 1. Hybrid optical and electrical switch fabric.

« Implementing the recommended algorithms from above in 1) For eachi, j, do the decomposition oij in baset:
Hardware (verilog) exploiting the parallelism. ij - P;j.t_i_Q::j (i.e. Pt = L%MtJ ,Qt = Mt—Pt.g).

« Synthesizing the basic modules using FPGA to under-  |n this iteration, we will start by scheduling?, and then
stand the critical path and hence the maximum frequency  consider the remaindé)’ and schedule a part of it such
(speed) that can be achieved. that all the constraints are satisfied.

« Develop the C-models for the hardware implemented to 2) Define the vectors' andb* such that
compute the clock cycles it takes for different configura-

G t
- o, Qi X
tions. al = 727 }1 J forall 7
The algorithms used in the implementation of the final soft- L3S Q, ,
ware and hardware versions are described in the next section bj = == for all j

These algorithms would be useful for applications that woul

t t i
need to implement the Ford-Fulkerson and Slepian-Duguid al 3) o’ andb are integer vectors (cf proof),

Find a 0-1 matrixk? < @* such that:

gorithms in hardware. You can skip sections Il 111, if you kav

already gone through [1]. They are mentioned here for refer- chle Rﬁj/ —at foralli

ence. S R, =0 forallj
R}; € {0,1} forall i, j

II. CONSTRUCTING AVALID G-G SCHEDULE . .
R? can be build using Ford-Fulkerson max-flow algo-

A. Algorithm for Constructing a Valid G-G Schedule rithm.
4) Use the schedulg’ = P!+ R! for this time-slot. Update

We will now construct an algorithm that recursively builds a M1 At gt

valid group schedule time-slot after time-slot, for tNetime-
slots of the frame.

At the start: B. Example

Let ¢ be the number of time-slots left to schedule after each Ve build the matrixi” given the schedulesy’, provided in
iteration. At the startt = N, since all the time-slots are un-Table I. More specificallys;; represents the number of occur-
scheduled. Also, led/ = Mt = MY be the initial matrix of rences of thegi*”? letter in thei*" row in columnN — ¢ + 1 of
all the elements that need to be scheduled. Its rows regreg®atrix V. For instance, the schedule
the sending groups, its columns the receiving groups (tette
‘A", “B”, ...). At the start, for all i, j, M;; = L; - L;, i.e. there
are L; - L; connections to schedule from sending graup
receiving groupy during the whole frame.

Iteratively: helps us create the first column Bf having two A’s and one

Fort = N,N —1,..., 1, proceed as follows. B in the first row, oneB and oneC' in the second row, and

2 1 0
ST=10 11
10 1
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TABLE |
EXAMPLE OF APPLICATION OF THE ALGORITHM

9 6 6 1 00 2 6 10 2 1 0
M7:<6 4 4),P7=<0 0 0),Q7z<6 4 4),37:(0 1 1>,s7:<0 1 1)
6 4 4 0 0 0 6 4 4 1 0 1 1 0 1
7 5 6 1 0 1 1 5 0 01 0 11 1
M6:<6 3 3),P6:<1 0 0),QG:<0 3 3),36:(0 1 0>,56:<1 1 0)
6 4 3 0 0 0 6 4 3 1 0 1 1 0 1
6 4 5 1 0 1 1 4 0 1 0 0 2 0 1
M5:<5 2 3),P5:<1 0 0),Q5z<0 2 3),R5:(0 1 o>,s5:<1 1 0)
4 4 2 0 0 0 4 4 2 0 1 1 0 1 1
4 4 4 1 1 1 0 0 0 0 0 0 11 1
M4:(4 1 3),134:(1 0 0),@4:(0 1 3),R4:<0 1 o),s4:(1 1 0)
4 3 1 1 0 0 0 3 1 0 0 1 1 0 1

one A and oneC in the last row.S® will determine the second elements. In our example, the new matrix for the first rowof
column, S5 will determine the third column, and so on. Thés:

resultlng matrix I1s || col.l1 col.2 col.3 cold col.5 col.6 col.7
A, 2 1 0 0 0 0 0
AAB ABC AAC ABC ABC ABC ABC Ag 0 0 2 1 0
V = BC AB AB AB AC AC  AC As 0 0 0 0 1 1 1
AC AC BC AC AB AB 4B B 1 1 0 1 0 0 0
By 0 0 0 0 1 1 1
C1 0 1 1 1 0 0 0
IIl. VALID L-L SCHEDULE Co 0 0 0 0 1 1 1
A. From a Valid G-G Schedule to a Valid L-G Schedule We can now apply the Birkhoff-von Neumann decomposi-

We will now construct an algorithm that successively buildéon theorem to this matrix, by decomposing it into a sund.of
a valid L-G schedule given a valid G-G schedule, and thenPgrmutations [5], [6]. We obtainZ; permutations. By read-

valid L-L schedule given a valid L-G schedule. ing column after column, each of these permutations gives a
For eachl < j < G, consider rowj in V. In our example, sequence of sub-letters that corresponds to a row of the de-
the first row is: sired L-G schedule. Therefore, tiig permutations yield the
L; rows of the L-G schedule corresponding to grgupn our
( AAB ABC AAC ABC ABC ABC ABC) example, the first permutation could be:

|| col.1 col.2 col.3 col4d col.5 col.6 col.7

We want to subdivide each royvinto L; sub-rows, corre-

sponding to the subdivision of each sending grgupto L ’2; (1) 8 ? 8 8 8 8

sending linecards, thus forming a valid L-G schedule. As 0 0 0 0 1 0 0
First, each letter had,; - L, occurrences in any given g; ooy e 000

row of V. Arbitrarily divide them intoL; subscripted let- o) 0 0 0 1 0 0 0

ters (“sub-letters”) ofL; elements. In our example, we trans- Ca || 0 0 0 0 0 0 1

form the letters ofl into NV arbitrarily assigned sub-letters
(A1, As, A3, By, By, C1, C5). For instance, sincd appear$
times in the first row, we replace ths arbitrarily with 34;’s, A1 Bi Ay Ci A3 By (%
3 A.’s and 34.'s: A1 C1 Ay B1 C2 A3z Bo
2 3= Bi Air Ci Ay By C2 As

(A1A1B1; A1B1C1; A2A2C1; AaB1Ci, A3B2Ca; A3BaCh; . .
A3 BaCh) We finally replace each sub-letter by the correspondingrett

In row j of matrix V', each of the\ sub-letters hag,; oc- and getthe valid L-G schedule. Upon examination of the algo-
form a new mgtrix that ha_s sub-letters as inputs and coluINs aggcause all elements are integers we could use graph-ugldri-
outputs. In this new matrix, all columns and all rows hdve stead [7][8][9][10].

yielding the first row of:
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column of the same sending group, thus yielding a valid L-G IV. IMPLEMENTED G-G SCHEDULE

schedule. In our example, the resulting L-G schedule is: As mentioned in the example of Table | [1], we are trying to
find a 0-1 matrixRk! < @Q*. Table Il shows an example of what
we are trying to achieve' is a capacity matrix< Q! such that:

{Ch=1if Q>0 forallij }

The capacity matrix shows the connections that can be gessib
between groups. Each group has a fixed sending rate and re-

B. From a Valid L-G Schedule to a Valid L-L Schedule ceiving rate.RL (rate left as the sending groups are visualised

: . : s being on the left) is the sending rates of the groups/akid
In the previous section, we constructed a valid L-G sched I€ i riaht as the receiving arouns are visualised as bairibe
given a valid G-G schedule. In this section, we will transfor . 9 g group

the valid L-G schedule nto a valid L-L schedule i Table Il Group 1 bas & sending e of 2 and nenee tan make
We apply the Birkhoff-von Neumann theorem (or graphé i tp fih 9 G 1h - i
coloring) for each letter. First, we replace eathvith a “1”, connectionsto any of the groups. roup 1 has areceiviag ra

; wryn . f 2 and hence can take 2 connections from any of the groups.
and every other letter with a “0”. For our example, we get:  ©' : . St
very W Hrexample, we g R is the final schedule that needs to be obtained. A 1 at (i,j) in

G

I
QxQ e
Qelme»>Qw
Qe
L@ F oy [ Niv HQ)
TaQxmAQ-
=0 Qasm
o Qewa

;‘“ 8 ;‘“ 8 ‘6‘ 2 8 R signifies a connection between Group i and Group j. As can
0 A 0 A 0 0 A be observed, the number of 1's in row 1 of R is equal to 2 and
0 A A 0 A 0 0 the number of 1's in column 1 of R is equal to 2 corresponding
g g 8 ‘3 81 6‘ 6‘ to the RL and RR of group 1. We considered a 0-1 capacity
0 0 0 A 0 A A matrix as it is easier to implement it as a memory in hardware.
As mentioned in [1], Ford-Fulkerson algorithm [13] can be

1 0 1 0 1 0 0 used for this purpose. Ford-Fulkerson algorithm is based on

(1) (1J é (1J 8 (1) (1) finding the augmenting paths from the source node to the sink

v T T 71T 7973 node and this is done until there are no more augmenting.paths
0 0 01 0 1 1 The resulting flow is the maximum flow. Breadth First Search

(1) (1] 8 ? (1) (1) (1) (BFS) or Depth First Search (DFS) can be used to find the aug-

menting paths. However since each entryCins going to be

We then decompose the above matrix into the suth;afif-  either a 1 or a 0 and also since this is a bi-partite graph the al
ferent permutations, such that tHé permutation will indicate gorithm can be modified to make it simpler. Figure 2 shows
at which times linecard is scheduled. Since there are exactlhe difference between the Ford-Fulkerson implementatiah
L, ones (corresponding to thig A’s) in each row and column, the modified Ford-Fulkerson implementation. In our aldorit
this is possible by Birkhoff-von Neumann. In our example, wghere are multiple sources (nodes on the left side of thenjrap
can decompose the above matrix into the sum of three pernawd sinks (nodes on the right side of the graph). Each source
tations: has a specified rate that needs to be fulfill&d.(in the exam-

10 0 0 0 0 0 001 00 0 O ple) and each sink has a specified rate that it can harftiie (
8 8 é (1] 8 8 8 é 8 8 8 8 8 (1] in the example). Rates are nothing but the connectionshbat t
01 00000 |+|0 000 1T 00 group (nodg) needs to have as explained before. The first part
00 00 0 0 1 00000 1 0 of the algorithm uses a greedy approach to schedule the group
0 0001 00 010 00 00 The later part uses back-tracing (simple version of BES fi
00000 1 0 000 1 0 0 O ;o . .
the remaining schedule. For this algorithm there are G nodes
0000 10 0 on the left (source nodes) and G on the right (sink nodes).
00 00 01 0
01 00 0 0 0 A. Greedy
+]l700 1T 0000 . .
000 100 0 Table Il shows how the algorithm works for the capacity
T 0 0 0 0 0 0 and rate matrices given in Table Il. In our example= 3
000 00 0 1

and the groups are named as A, B, C for reference. Madtrix
Applying this method to each letter, we then create a valghows the partial schedule obtained after the greedy #hgori

L-L schedule, with exactly one occurrence of each receivig applied. C; is the capacity matrix}; is the flow matrix,

linecard index in each row and column. In our example, we g&tL1 andRR; are the rates of the the left and right nodes after

the following valid L-L schedule, hence concluding the corapplying the greedy algorithm. A flow matrix keeps track & th
struction process: connections already made. Combinifig with F; at anytime

gives us the original capacity matrix. The final flow matrix

1 4 2 6 3 5 7 : , 3
2 6 1 5 7 3 4 is the R matrix. The greedy algorithm works as follows
T 4 i’ 7 i g 6 2 1) Step through each sending group until the rate goes to 0.
- ? 5 Z 3 6 ; (f 2) For ea_ch group check whether there_a capacity element
3 2 6 7 1 4 5 that points to a group whose rate rightis non-zero, If there
6 75 2 413 is then move the element to flow matrix.
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Fig. 2. Ford Fulkerson and Modified Ford Fulkerson

TABLE Il
EXAMPLE FOR SCHEDULING

111 2 2 0
C:( 1),RL:(1>,RR:(1)7R:<1
1 0 1 1 1

TABLE Il
EXAMPLE APPLICATION OF THEALGORITHM
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Fig. 3. Back Tracing in GG Schedule a) After applying greejlytacing Sending Group C c¢) Tracing Receiving Group A backisal) Tracing Sending Group
A e) Final Schedule

3) Reduce the rate left of the sending group and rate rightm@fceiving group A, theRL and RR of group A are reduced to
the receiving group. 1. The element (1,1) in the capacity matrix is made 0 and the
element (1,1) in the flow matrix is made 1. Considering the ex-
In our example sending group A has a rate left of 2 and rample in detail, Group A on the left is assigned to Group A and
ceiving group A has a rate right of 2. When a connectionGroup B on the right. Group B on the left is scheduled with
element 1,1 of th&€' matrix) is made from sending group A to
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Group A on the left, making th& L of both Group A, Group [1] proposes an algorithm based on Birkhoff-von Neumann de-
B. Group C on the left does not have a path to Group C @emposition theorem [5], [6] which applies Ford-Fulkersbn

the right and Group C is the only node on the right that hasgarithm [13] multiple times and generates each permutatien
positive RR. Hence Group C cannot be scheduled. rially. Here we propose an algorithm based on Slepian-Diigui
[14] which when finishes produces P permutation matrices at
once. The initial part of the algorithm is done using greenly a

B. Back Tracing the later part does the back-tracing to complete the schedul

As shown in Table lIIRL, andRR; are non zero and back-
tracing needs to be applied to find the remaining schedule. In
our example Group C has a non-zekd,, however it has no A. Greedy

connection to the non-ze®R? element (Receiving group C) in Here we refer rows as inputs and columns as outputs for con-
the capacity matrix. Therefore, we need to do back-tracigg Fvenience. Consider the example matrix S as shown above. The
ure 3 shows how the back-tracking is done using a simplifiggyorithm starts with scheduling (1,1) (input 1 and outpyt 1
version of BFS algorithm. Initially the greedy algorithmd® which is the first non-zero element of matrix S. Since all the
the pathsd — A, A — B, B — A (shown by thin solid lines in permutations are empty initially, we can schedule this in pe
Figure 3a)). These arcs form the flow matrix. The remainingutation?,. This is illustrated in Table IV. The; matrices
part of the capacity matrix is shown by the dashed lines. i&1 thshown have the permutations as the rows, inputs as the celumn
case C needs to be scheduled, the two groups on the right it Bag the elements are the outputs to which the inputs are con-
a path to are A and B whose rates are 0. Either A or B can Rected to.: refers to thei*” step in scheduling. So we start
traced back as shown in Figure 3b) by thick solid lines. Asyith filling row 1 (P;) and column 1 (input 1) with 1 (output
sumingC — A is traced back. From node A on the right we can). Similarly the rest of them are filled on first come first serv
either go to A or B as shown Figure 3c). Assuming that we pigiasis. As we cannot schedule same input or the same output
A asin Figure 3d). A has a path to C whose rate is non-zero afglce in any of the permutations, conflicts arise and some of
the final paths are shown in Figure 3e). As in Ford-Fulkers@he input output pairs cannot be scheduled using greedy. One
algorithm we keep track of the predecessors of the nodesdracsuch example is shown in Table IV. At some point in time af-
so that we can update the capacity and flow matrices once tgewe start scheduling, the schedule looks ltke The next
BFS is done finding an augmenting path, making them readyrign-zero element is S that needs to be scheduled is (3,5). The
find the next augmenting path. As in original BFS we color thgnly permutation free for input 3 i&; and output 5 is already
nodes to keep track of the nodes already visited so that we giheduled in it. S5 in Table IV shows the final output of the
not revisit a node accidentally. greedy algorithm. (3,5) and (4,3) are not scheduled by greed
The entire GG schedule construction as in Table | which usgfd need to be scheduled using back-tracing.
the algorithm explained above is implemented in hardware.

B. Back Tracing

V. IMPLEMENTATION OF LG AND LL SCHEDULES ) . ) .
The back-tracing step is based on Slepian-Duguid [14]. AO

The main part of LL and LG schedules is to obtain P perm; g, - means that the permutation and the input combination is
tation matrices (schedules), given a matrix which has PrL's ot scheduled. Table V extends the above example to explain
each row and each column. For example, consider a matri, &y (3,5) and (4,3) are scheduled. Lets consider (3,5) first.
as shown below Initially we start with identifying the permutations whittave
input 3 and output 5 free. As can be seen frSig of Table

10 1 1 0
10 1 0 1 V P; (row 3) has input 3 free ané?;, has output 5 free. So
S = (1] 1 (1) (1) (1) we schedule (3,5) itP; as shown inS;¢ of Table V. Now as
01 0 1 1 can be observed if;6 we have two 5's inP;, we swap 5 of

P3 with 3 of P; for the same input.S;; shows the resulting
A permutation matrix has exactly one 1 in each row and cakatrix. As we do not have multiple 5’s scheduledfy, we
umn. Initially the permutation matrices are empty, and the a&top here. Otherwise we repeat the procedure of swappiilg unt
gorithm starts with filling each of the permutation matrieéh no permutation has multiple inputs or outputs scheduled in i
the non-zero elements of the matrix S. Given a matrix S, the &l 5 of Table V shows the final resulting matrix.
gorithm should generate the following permutation magice

1 00 0 0 00 1 00 V1. HARDWARE IMPLEMENTATION

000 0 1 10 0 0 0 ) ) _ _ )

o1 0007, 00010 |, The core algorithms explained in the previous sections are
R oaee implemented in hardware. Optimizations have been doneeto th

hardware implementation to make it efficient and fasteralPar
lelism has been exploited wherever possible. A priorityosier

is used whenever we needed to make a decision, for example
choosing between A and B as shown Figure 3c) can be done
using a simple priority encoder.

O OO O
e NN}
[e=NoNel e}
[=NeNeNal
oo~ OO
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TABLE IV

GREEDY ALGORITHM FORLL AND LG SCHEDULES

7N
W =
Ot = W
O BN
=N O
N Ut

0 0 0 0 O 1 0 0 0 O
SO:(O 0 0 O 0),51:<0 0 0 O 0),58:
0 0 0 0 O 0 0 0 0 O
TABLE V
BACK TRACING FOR THELL AND LG SCHEDULES
1 3 2 0 4 1 3 2 0 4 1 5 2
515_<3 1 4 2 5>,Sw:(3 1 4 2 5),517:<3 1 4
4 5 0 1 2 4 5 5 1 4 3 5
A. Core for GG schedule .

Flow2 Memory - This is used to store the values of the pre-
determined paths and also the reverse paths while schedul-

Efficient bitmap techniques have been used to process some ing. At the beginning of scheduling each time slot all these

of the stuff. For example an and operation can be performred fo
the rate of the rightnodes bitmap ( has a 1 when rate of groups
on the right is> 0, has a 0 otherwise) and the capacity row
(belongs to one of the groups on the left side) to see whether
any path exists between this group on the left side to anyefth ,

memories are reset. Size of this memory is N x N.
Rateleft - This memory is used to store the rate information
of the groups on the left side. Size of this memory is N x
log(N).

Rateright - This memory is used to store the rate informa-

groups on the right side. These bitmaps are updated automat- tion of the groups on the right side. Size of this memory is

ically whenever the memories are updated. Similar techesqu
are used extensively to reduce the number of cycles it takes f
constructing the schedule. As mentioned in the algorithm we
need a left and right queue to keep track of the possible nodes

N x log(N).

Pred left - This memory is used to store the predecessor
information of the groups on the left. Size of this memory
is N x N. This memory is written through the row and ac-

that can be part of the augmenting path. These queues are also cessed through the column and a priority encoder is used

implemented as bitmaps and the corresponding node bitis mad
0 when it is dequeued and made 1 when enqueued. Priority

encoder is used to dequeue. Different memories used are de-

scribed below.

« Qmatrix Memory - This memory is same as ¢ used
in describing the algorithm. A processor is assumed to
do minor preprocessing on thie N (generated from the
group information) to updat@* (Q"). This memory is
organized as a vertical matrix which stores the (i,j) of the
Q" matrix in one row. Since th@® matrix is NxN we have
N2 rows each log(N) bits wide.

« Capacity Matrix - This is used to store the capacity ma-

to choose the predecessor from the column. This speeds
up the process as the way the algorithm works, we trace
backwards and the current node can have multiple paths to
choose from like the one in Figure 3c). The current node
can be a predecessor of more than 1 node, like A is the pre-
decessor of A and B. But when we update the memories
in the end (after the augmenting path is found), we update
forward and hence need to lookup in the other direction
and this memory helps us in doing that in less time.

Pred right - This memory is used to store the predecessor
information of the groups on the right. This memory is
similar to pred left. Size of this memory is N x N.

trix for a particular time slot. The number of schedules For a schedule witlir = 40 and N = 640 we need 24K bits
required is equal to the number of time slots. At the begi®f memory for implementing this algorithm.

ning of each time slot the values of th¥ matrix are com-

pared to see whether they are equal to the time slot beiig Core for LG and LL schedules

scheduled or not, if it is equal then the a 0 is placed in the For a given matrix to be scheduled there are exactly P 1's in
capacity memory and flowl memory, but a one is placeghch row and column, A total of P*P 1's in the whole matrix.
in the flow2 memory (predetermined path). rateright ar@ften P is much less than the total number of linecards(N). So
rateleft memories are updated accordingly. If this is nétstead of giving a memory which has bunch of 0's and few 1's
equal and non-zero a 1 is placed in the capacity matrix. The an input, the input to this hardware is assumed to be oaly th
capacity and flowl memories are used to obtain the schedw and column which has a 1. A processor is assumed to fill in
ule. The flow2 memory and th@' matrix memories are the InOut memory which has P*P entries and each entry stores
updated when ever flow1 is updated. Size of this memotlye row and column that need to be scheduled. Efficient bitmap
is N x N. techniques are used here as in the GG schedule implementatio
Flowl Memory - This is used to store the values of th&he following memories are used in the design

reverse paths while scheduling. Size of this memory is N« Permutation Memory - This memory is used to store the
x N. information regarding the connections between the inputs
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and outputs and the permutation they are connected imultiple iterations, C-models for the verilog implemerdat
Lookup is done based on the input and the permutatiane developed in the end to produce the results. The C-models
,i.e, we can get the output to which the given input is corare made as close as possible to verilog in terms of the clock
nected to in a given permutation. This memory is P*Mycles it reports. The C-models are tweaked to provide worse
(permutations*inputs) long and log(N) wide. results than the verilog. Different sets of results overQLibéx-

o Permutation Transpose Memory - This is similar to thations with different ranges of linecards spread over 4Qigso
permutation memory, but the lookup is based on outpate generated. The worst case and best case times for differe
and the permutation ,i.e, we can get the input to whicttages are obtained.
the given output is connected to in a given permutation. The total time taken by the algorithm can be divided into
This is necessary as often we need to know which outputl) GG Greedy Time - Time spent in the greedy part of the
is connected to which input in a given permutation and the GG schedule algorithm.

Permutation Memory only gives us information regarding 2) GG Back Tracing Time - Time spent in the back-tracing
the output given the input and the permutation and notthe  part of the GG schedule algorithm.
other way around. 3) GG Update Time - The entire GG schedule algorithm was

« InOut Memory - This memory is updated by the proces- implemented in hardware. There is a significant amount
sor and used to store the entries that need to be scheduled of time spent in updating the memories before beginning
(which have a 1 in the main matrix). Size of this memory to schedule for the next time slot.
is P*P x 2*log(N). 4) LG Greedy Time - Time spent in the greedy part of the

o Track Memory - This memory is similar to the InOut LG schedule algorithm.
memory, but used to store the entries of InOut memory 5) LG Back Tracing Time - Time spent in the back-tracing
which cannot be scheduled by the greedy approach ,i.e, part of the LG schedule algorithm.
this serves as a InOut memory for the back tracing stage6) LL Greedy Time - Time spent in the greedy part of the
Size of this memory is P*P x 2*log(N). LL schedule algorithm.

« Input Memory - This memory is used to store the infor- 7) LL Back Tracing Time - Time spent in the back-tracing
mation regarding the availability of the inputs for a given part of the LL schedule algorithm.
permutation. This is organized as P x N. It is used exteA-processor is assumed to be connected to the cores for some
sively is scheduling. preprocessing and uploading the necessary informatioritiet

« Output Memory - This memory is used to store the informemories and also for retrieving the information from theeso
mation regarding the availability of the outputs for a giveand post processing it. The uploading and downloading time o
permutation. This is organized as P x N. It is used extethe processor are not considered in the results. Figurewssho

sively is scheduling. the breakdown of the time spent. This result was generated
For a schedule witl&; = 40, P = 16 and N = 640 we need from the worst case results of the 600-640 linecards range. T
230K bits of memory for implementing this algorithm. result shows that most of the time is spent in backtracing of

each phase and update phase of GG. LG schedule can be can

be computed in parallel (Assuming multiple hardware blocks

] o ) . _ implementing the algorithm). For example each of the rows of
Lot of time has been spent initially to identify the algomth GG schedule can be converted into the rows of LG schedule at

that can give best possible results in hardware. All thesasd ihe same time. The parallelism here is equal to the number of

have been tested with C programs for knowing their feagibili groups. Same is true with LL schedule. Figure 5 shows the best

The algorithms explained in the previous sections areifiedt \yorst and average times for different line card ranges wih@n L

VIl. RESULTS

to be the ones providing best possible results. and LL schedules are done serially. Figure 6 shows the best,
worst and average times for different line card ranges wt@n L
A. Synthesis and LL schedules are done in parallel. Both the figures assume

The hardware implementations mentioned in the previo&sA'nS cycle time. It is clear from Figure 6 that the 50ms target

section are implemented using verilog and synthesizedgusfﬁ ach|evgd. A S|_mple _Imear relationship rather thgn arsiitra
Xilinx tool set. The critical path has been identified as the p equnentlal relationship between the num_ber of linecards a
ority encoder in both the implementations. Both the aldonis the time taken can be observed from the Figures.

are synthesized using the XC2VP2 device of the XILINX VI-
TEX2P device family. The critical path in ggschedule was tak , .
ing 7.363ns whereas the critical path in the core for LG sehed !N this paper, we have presented and tested the algorithms
ule was taking 6.706ns. Since this is implemented on a balfj@t can be used to configure the switch fabric used in [1]: Fea
version of XILINX tools and devices, using a better procesiPility study has been done initially to survey differenodh

(0.13u technology) should get us below 4ns cycle time. ifications to the algorithms presented in [1]. The modified al
gorithms and some new algorithms oriented towards hardware

implementation are briefly discussed in the previous sestio

Also the core algorithms are implemented using FPGAs. C-
Since it takes a long time to simulate verilog and get difiéremodels similar to the verilog are developed to simulate &e r

sets of results for different number of linecards and graayes sults over different number of linecards and groups. Fyrthk

VIIl. CONCLUSIONS

B. Simulations
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Fig. 5. Total time (serial LG and LL) Vs Linecards assuming 4tock cycle

results show that it is possible to achieve the 50ms target fware. Time for uploading the information into the core needs
scheduling the linecards. to be estimated.

IX. FUTURE WORK

In addition to the improvements and techniques presented in
this paper, further improvements can be made. Time spent in
memory accesses can be reduced by greater than two fold using
multiport memories. Greedy approaches can be improved byl would like to thank Professor McKeown for giving me the
exploiting some of the parallelism in implementing them.r®lo opportunity to work on this project. | would like to thank Da
pipelining techniques can be used in implementing the harfr his valuable discussions. | would also like to thank tsfet
ware which can approximately double the speed of the hatus suggestions.
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