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Each of the four questions is worth 10 points. The solutions also contain the
subdivision of the points for the different parts of the questions.

1. The four parameters of the BSP model are:

• [1 pt] p, the number of processors of the parallel computer.

• [1 pt] r, the computing rate in floating-point operations (flops)
per second of a single processor.

• [2 pt] g, the communication cost per data word in flop time units
incurred for sending a word into the communication network, or
receiving a word.

• [2 pt] l, the global synchronisation cost in flop time units.

[4 pnt] The parameters p, g, l are relevant for the design of a BSP al-
gorithm because their ratio influences the relative fraction of compu-
tation, communication, and synchronisation time. The parameter r is
merely a normalisation constant that does not influence the algorithm
design (but it influences how long you have to wait for your program
to finish!).

2. [7 pt] The following algorithm for processor P (s) computes the value r
of the runner-up, i.e., the second-largest numerical value. We assume
that as a result we want the value r replicated over all processors. We
use the cyclic distribution, but a block distribution also works.
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Input: x : vector of length n, distr(x) = φ, with φ(i) = i mod p, for
0 ≤ i < n.

Output: r = runner-up value of x, repl(r) = P (∗).

ms := max {xi : 0 ≤ i < n ∧ φ(i) = s}; . Superstep (0)
rs := max {xi : 0 ≤ i < n ∧ φ(i) = s ∧ xi < ms};

for t := 0 to p− 1 do . Superstep (1)
put ms, rs in P (t);

m := max {mt : 0 ≤ t < p}; . Superstep (2)
tm := argmax {mt : 0 ≤ t < p};
r := max {mt : 0 ≤ t < p ∧ mt < m} ∪ {rtm};

[3 pt] The cost analysis of the algorithm is as follows. In an implementa-
tion, superstep (0) is done by one loop, which keeps the local maximum
and the local runner-up encountered so far. Each array value needs at
most two comparisons, so the cost is 2dn/pe + l. Superstep (1) is a
2(p − 1)-relation with cost 2(p − 1)g + l. Superstep (2) is carried out
by all processors redundantly and it costs 2p + l. The total cost of the
algorithm is 2dn/pe+ 2p + 2(p− 1)g + 3l.

Since we did not specify which processors need the answer, an alterna-
tive solution is possible, which is even faster: just put ms in superstep
(1), which saves (p− 1)g in the cost, then compute m redundantly and
compute r only on processor P (tm). This processor can then print r,
if needed.

3. [5 pt] The parallel algorithm starts with a sequential mergesort on the
local blocks x(0 : n/2 − 1) and x(n/2 : n − 1) of processors P (0) and
P (1), respectively. Then each processor sends all its values to the other.
After that, P (0) performs a merge of its own values with those of P (1)
starting at the lowest value, until it has reached n/2 output values.
P (1) does the same, but starting at the highest value.

[3 pt] The sequential mergesort costs (n/2) log2(n/2)+l. The communi-
cation superstep costs (n/2)g+l. The final superstep costs n/2+l. The
total cost is thus (n/2)(log2 n+ g)+3l. In terms of memory, we double
the local size required, since we store the values of both processors.

We can reduce the communication cost by having P (0) send its k largest
values to P (1), and P (1) its k smallest values to P (0) and then perform
the merge of the final superstep. If we choose a sufficiently large k, this
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will provide all information needed to the two processors. Otherwise,
we need to send more values and perform another superstep. A good
value of k (for random input) would be a value slightly larger than n/4.

[2 pt] A possible extension of the algorithm to four procesors starts by
running the algorithm for two processors on the processor pairs P (0 : 1)
and P (2 : 3), in parallel. This costs (n/4)(log2 n− 1 + g) + 3l. Then a
communication superstep is performed, where P (0) sends all its data
to P (2), and vice versa, and the same for P (1) and P (3). This costs
(n/4)g + l. P (0) and P (3) can then obtain their final n/4 values, with
cost n/4 + l. In the same superstep, P (1) and P (2) can determine
their remaining n/4 values (those not ending up in P (3) and P (0),
respectively), at no extra cost. Finally, P (1) and P (2) perform a two-
processor merge, with cost (n/4)g + n/4 + 2l. The total cost is thus
(n/4)(log2 n + 1 + 3g) + 7l. In terms of memory, we still only double
the local size required.

4. [3 pt] First, we determine a suitable distribution φ of the vector x of
length N = kn. Since the matrix B ⊗ A consists of blocks of size
n × n which are either A, −A, or 0, it is convenient to have complete
blocks of x of length n assigned to a processor. There are k such
blocks. Furthermore, blocks at block distance k/2 are combined by
the multiplication operation, so it is convenient if these are also on the
same processor. A cyclic distribution of blocks achieves this, because
k/2 is a multiple of p. The resulting distribution is

φ(i) = (i div n) mod p, for 0 ≤ i < N.

This is called the block-cyclic distribution with block size n. Any block
size b with n ≤ b ≤ N/(2p) will work.

[4 pt] The algorithm for processor P (s) is:

Input: x : vector of length n, x = x0, distr(x) = φ.
Output: x = (B ⊗ A)x0.

for r := s to k/2− 1 step p do . Superstep (0)
X := Ax(rn : (r + 1)n− 1);
Y := Ax(rn + N/2 : (r + 1)n− 1 + N/2);
x(rn : (r + 1)n− 1) := X + Y;
x(rn + N/2 : (r + 1)n− 1 + N/2) := X−Y;

Here, r is the block number and X,Y are auxiliary vectors of length
n; their use saves some computations.
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[3 pt] The cost analysis is as follows. There is only one superstep,
namely a computation superstep, and no communication, because of
the choice of φ. The computation consists of k/(2p) iterations of the
main loop, where each iteration performs two matrix-vector multiplica-
tions of cost 2n2 flops, one vector subtraction of cost n, and one vector
addition of cost n. Thus, the total cost is (k/(2p)) · (4n2 + 2n) + l =
kn(2n + 1)/p + l.

4


