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ABSTRACT

In this paper, we present a coding method to capture QoS information
in hypercube multicomputers. The coding method is based on a localized
algorithm where each node interacts with its neighbors to gather QoS infor-
mation. Specifically, each node maintains a QoS vector where the k-th element
represents the guaranteed QoS performance to a destination that is k hops
away. The localized algorithm exhibits desirable properties of self-stabilizing,
self-optimizing, and self-healing. Simulation results show that this coding
method provides a good approximation of the minimum QoS value to a k-hop
destination and, at the same time, uses a relatively small number of packets
to propagate a change in link state (QoS value) compared with the classical
distributed Bellman-Ford method.

Keywords: Approximation, hypercubes, link state, localized algorithms, QoS.

1 Introduction

Nowadays, more and more computer applications demand for quality of services
(QoS) in communication subsystems [8,9]. In general, the quality of traffic that
flows through a communication subsystem depends on topology, routing, flow con-
trol, and switching. Recently, a few routers with QoS provisioning have been pro-
posed [2]. Most of the proposals focus on switching and/or flow control based on
either the hardware solution [4] or the software solution [1]. In this paper, we fo-
cus on QoS routing based on a given regular topology. Although the focus is in
the hypercube topology, we believe that the result obtained in this paper can be
potentially extended to other multicomputers and cluster networks with regular
topologies.

QoS in routing typically deals with constraints on the selected path. Assume
m(u, v) is the performance metric for the link (u, v) connecting host u to host v and
a path (u, u1, u2, ..., uk, v) is a sequence of links connecting u to v. Three types of
constraints on the path are given in [5]:
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1. Additive constraints: A constraint is additive if m(u, v) = m(u, u1)+m(u1, u2)+
. . . + m(uk, v). For example, the end-to-end delay delay(u, v) is an additive
constraint which is equivalent to the summation of delays at each link.

2. Multiplicative constraints: A constraint is multiplicative if m(u, v) = m(u, u1)×
m(u1, u2)× . . .×m(uk, v). The probability prob(u, v) for a packet to reach v

from u is the product of individual link probabilities.

3. Concave constraints: A constraint is concave if m(u, v) = min{m(u, u1),m(u1,
u2), . . . , m(uk, v)}. The bandwidth band(u, v) available along path from u to
v is the minimum bandwidth among the links on the path.

Here we focus on QoS with concave constraints. The objective is to find a
path that meets the given QoS requirement. Consider m(u, v) as the link state of
(u, v), each node can collect global link state through global distribution. Then
each source node can easily determine a path to a given destination that meets
the QoS requirement. However, link state is a dynamic element and it needs to be
flooded to the whole network whenever there is a change in link state. In this paper,
we propose a coding scheme to approximate the minimum QoS value of paths to
destinations in k hops. The approximation is based on a conservative approach by
taking the advantage of both the unique topological properties of hypercubes and
concave QoS constraints. Specifically, each node u is associated with a QoS vector
B(u) = (b1, b2, . . . , bn), where bk(k = 1, 2, . . . , n) corresponds to the minimum QoS
value to any node in k hops. This approach can also be considered as an extension
to Wu’s safety level [6] and safety vector [7] models for fault-tolerant routing in
hypercube multicomputers. Note that in fault-tolerant routing, there are two levels
of QoS for each link: up (1) and down (0).

The localized algorithm exhibits desirable properties of self-stabilizing, self-
optimizing, and self-healing. Specifically, when the QoS value (such as bandwidth)
of a link changes, the B(u) of the affected node u reaches a new vector B

′
(u) in a

self-organized way (also called self-stabilizing) through interaction between u and its
neighbors. The convergence from B(u) to B

′
(u) is done in an optimized way (self-

optimization). In addition, when a link fails, the network can be self-reconfigured
(self-healing) by adjusting the QoS values of the affected nodes. Simulation results
in this paper show that this coding method provides a good approximation of the
minimum QoS value to a k-hop destination and, at the same time, uses a relatively
small number of packets to propagate a change of link state (QoS value) compared
with the classical Bellman-Ford method. The latter feature is also called localized
maintenance.

The rest of this paper is organized as follows: Section 2 presents the coding
scheme using QoS vectors and a distributed QoS routing algorithm based on single
QoS vector for each node. Section 3 proposes an extension to the single QoS vector
scheme called double QoS vector scheme, which achieves higher guaranteed band-
width through longer paths. Section 4 compares the performance of the single QoS
vector algorithm and the distributed Bellman-Ford algorithm through simulation.
Section 5 concludes this paper. Note that although in this paper we focus only
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on QoS routing, in real applications QoS routing should be accompanied and to
cooperate with QoS traffic control.

2 Model

Let u be a node in an n-dimensional hypercube (n-cube) and it is represented by n

bits u1u2...un. There are 2n n-bit combinations assigned to 2n nodes in an n-cube
with each node being assigned a distinctive address. Two nodes are neighbors if
and only if their addresses differ in one bit position. ui denotes the neighbor of
u along dimension i. A dimension is called a preferred dimension with respect to
destination v if the neighbor along the dimension is closer to v than the current
node u; otherwise, it is called a spare dimension. If u and v are separated by k

hops, then there are exactly k preferred neighbors (i.e., neighbors along preferred
dimensions) of u to v and n − k spare neighbors. B(u) = (b1, b2, . . . , bn) is a QoS
vector associated with u, where bk is called the k-hop QoS element of u. bi

k is called
the k-hop QoS element of u’s neighbor along dimension i. m(u, ui) is the QoS
value associated with the adjacent link of u along dimension i and such information
is called link state information. Normally, link state information is discretized into
multiple levels correspond to levels of QoS. Without loss of generality, 0 is the lowest
level of QoS value. rankk(B) selects the k-th smallest element from a given vector
B.

Definition 1 Elements of B(u) are defined as follows:

b1 = rank1(m(u, u1),m(u, u2), . . . ,m(u, un))

and

bk = rankk(min{m(u, u1), b1
k−1}, min{m(u, u2), b2

k−1},
. . . , min{m(u, un), bn

k−1})

for k = 2, 3, . . . , n.

In B(u), bk corresponds to the minimum QoS value to any node in k hops,
assuming only preferred neighbors are eligible (i.e., only optimal paths are consid-
ered). rankk is used because u has exactly k preferred neighbors to any k-hop
destination and it corresponds to the minimum of maximum QoS value among any
k selected neighbors. Since each bk is defined based on bk−1’s of neighbors, bk

can be easily determined through an iteration process similar to the one used in
determining safety vectors [7].

Knowing the specific location of the destination, we can polish the coded QoS
value as follows: Let op(bk) be the minimum QoS value to a given destination in
k hops, assuming that only preferred neighbors are eligible. Let sub op(bk) be the
minimum QoS value to a given node in k hops, assuming that exactly one detour
is used. sub op(bk) corresponds to the minimum QoS value of a sub-optimal path.
A sub-optimal path consists of all except one preferred dimensions and, hence, its
length is 2 more than the optimal one. The neighbors’ status can be determined
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through the relative location of the source and destination by an exclusive-OR
operation on the source and destination addresses. In the result of the exclusive-
OR operation, the dimension that has 0 corresponds to a spare dimension and the
one that has 1 corresponds to a preferred dimension. Assume that PD is the set of
preferred dimensions and SD is the set of spare dimensions, op(bk) and sub op(bk)
can be approximated based on bk−1’s and bk+1’s of neighbors, respectively.

op(bk) = max{min{m(u, ui), bi
k−1}, i ∈ PD}

If max{min{m(u, ui), bi
k−1}} < max{min{m(u, uj), bj

k+1}}, where i ∈ PD and j ∈
SD, then the sub-optimal path has a higher QoS value:

sub op(bk) = max{min{m(u, uj), bj
k+1}, j ∈ SD}

Note that the above expression gives only a restricted implementation of sub op(bk):
a spare neighbor is selected in the first hop from the source, and those selected in
the remaining ones are preferred neighbors. Let op dim(bk) and sub op dim(bk) be
the corresponding dimensions for op(bk) and sub op(bk), respectively. The route is
selected as follows:

Routing process (to a destination that is k hops away from the current node)

(the current node is the source node):

• The guaranteed QoS value of a minimal path is op(bk) and the corresponding
dimension op dim(bk) is selected as the forwarding dimension if op(bk) meets
the given QoS requirement; otherwise,

• if sub op(bk) meets the given QoS requirement, the guaranteed QoS value of a
sub-minimal path is sub op(bk) and the corresponding dimension sub op dim(bk)
is selected as the forwarding dimension; otherwise, the routing process fails
(to find a QoS route).

(the current node is an intermediate node u):

• Always select a preferred dimension with the highest min{m(u, ui), bi
k−1},

where i ∈ PD.

The approximation can be further enhanced if each node has 2-hop information.
In this case, both b1 and b2 have accurate QoS information. In order to calculate
bk (k > 2), the approximation starts at b2. L levels of QoS (also called bandwidth
levels) are used to represent value in QoS vectors. Figure 1 shows a sample 3-cube
where QoS values are represented by 10 levels (from integer 0 to 9). The QoS
associated with links are as follows: 00∗ (representing a link connecting 000 and
001) : 7, 01∗ : 1, 10∗ : 4, 11∗ : 8, 0 ∗ 0 : 2, 0 ∗ 1 : 1, 1 ∗ 0 : 5, 1 ∗ 1 : 9, ∗00 : 6, ∗01 : 7,
∗10 : 4, and ∗11 : 2. Table 1 shows the QoS estimates based on 1-hop neighborhood
information while Table 2 shows the ones based on 2-hop neighborhood information.

Note that when L = 2, the corresponding systems represent hypercubes with
faulty links with 0 representing a faulty link and 1 as a healthy link.
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Fig. 1: A sample 3-cube.

000 001 010 011 100 101 110 111

b1 2 1 1 1 4 4 4 2

b2 1 2 2 1 4 2 2 4

b3 4 2 2 2 2 4 4 2

Table 1: QoS estimates (1-hop information).

3 Extensions

In the previous section, when the given QoS requirement cannot be satisfied by
a minimal path, a sub-minimal path may be used to meet the QoS requirement,
with the constraints that (1) there is only one detour, and (2) only the source
node can select a spare dimension. While constraint (1) is important to avoid loop,
constraint (2) can be relaxed to allow a detour at an intermediate hop; rather than
just the first hop from the source. The following extension uses an extra QoS vector
D(u) = (d1, d2, ..., dn) for each node u, where dk is called the k-hop QoS element
with at most one detour. Similarly, di

k is called the k-hop QoS element with at most
one detour of u’s neighbor along dimension i.

Definition 2 Elements of D(u) are defined as follows: The QoS element with a
immediate detour is

immk = max{min{m(u, u1), b1
k+1}, min{m(u, u2), b2

k+1},
. . . , min{m(u, un), bn

k+1}}
for k = 1, 2, 3, . . . , n− 1, and immn = 0. The QoS element with a possible deferred
detour is

defk = rankk(min{m(u, u1), d1
k−1}, min{m(u, u2), d2

k−1},
. . . , min{m(u, un), dn

k−1})
for k = 2, 3, . . . , n, and def1 = 0. For k = 1, 2, 3, . . . , n, the QoS element with at
most one detour is

dk = max{bk, immk, defk}
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000 001 010 011 100 101 110 111

b1 - - - - - - - -

b2 1 2 2 1 4 2 4 4

b3 4 2 4 2 4 4 4 4

Table 2: QoS estimates (2-hop information).

In D(u), dk corresponds to the minimum QoS value to any node in k hops,
assuming at most one detour is allowed in the entire path. immk and defk are
intermediate results and are not visible to u’s neighbors. Note that dk can be de-
termined once bk+1’s of neighbors are determined in the iteration process. Also
dn = max{bn−1, defn−1} and , hence, only one additional round is needed to com-
pute dn. Given the specific location of the destination, set of preferred dimensions
PD and set of spare dimensions SD, we can compute

op(dk) = max{min{m(u, ui), bi
k−1}, i ∈ PD}

imm sub op(dk) = max{min{m(u, uj), bj
k+1}, j ∈ SD}

def sub op(dk) = max{min{m(u, ui), di
k−1}, i ∈ PD}

Let op dim(dk), imm sub op dim(dk) and def sub op dim (dk) be the corre-
sponding dimensions for op(dk), imm sub op(dk) and def sub op (dk), respectively.
Note that imm sub op(dk) takes a detour immediately at the source while def sub op(dk)
may take a detour at a later hop. In the following extended routing process, each
routing packet carries one bit detour flag which is initially set to be false:

Extended routing process (to a destination that is k hops away from the
current node)

(when detour flag is false):

• If op(dk) meets the given QoS requirement, the guaranteed QoS value of a
optimal path is op(dk) and op dim(dk) is selected as the forwarding dimension;
otherwise,

• if def sub op(dk) meets the requirement, the guaranteed QoS value of a opti-
mal or sub-optimal path is def sub op(dk) and def sub op dim(dk) is selected
as the forwarding dimension; otherwise,

• if imm sub op(dk) meets the requirement, the guaranteed QoS value of a
sub-optimal path is imm sub op(dk), imm sub op dim(dk) is selected as the
forwarding dimension, and the detour flag is set to true; otherwise, the routing
process fails (to find a QoS route).

(when the detour flag is true):

• Always select a preferred dimension with the highest min{m(u, ui), bi
k−1},

where i ∈ PD.
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000 001 010 011 100 101 110 111

d1 4 2 2 4 4 4 4 2

d2 2 4 4 2 4 2 2 4

d3 4 4 2 2 2 4 4 2

Table 3: Extended QoS estimates (1-hop information).

Note that once the source node passes the QoS requirement, the routing process
will not fail at an intermediate hop, assuming that the QoS values remain unchanged
during the routing process. Table 3 shows the extended QoS estimates with at most
one detour based on 1-hop neighborhood information of Figure 1.

4 Simulation

Simulations are conducted to compare the proposed QoS vector scheme with the
classical distributed Bellman-Ford scheme, in terms of performance and overhead.
The distributed Bellman-Ford scheme maintains at each node a complete routing
table that includes id for each destination, the maximum available bandwidth, and
the corresponding next hop information. The performance of a QoS routing scheme
is its ability to satisfy a QoS routing request. The overhead includes the mem-
ory to store the QoS information and the control packets used to propagate such
information over the network. Currently only the basic single QoS vector scheme
with optimal and sub-optimal routing is simulated. The extended double QoS vec-
tor scheme that keep two QoS vectors B(u) and D(u) will be simulated as part of
future work.

The hypercube used in the simulation are generated with the following band-
width model: For a given hypercube dimension n, we build hypercubes with 2n

nodes and n2n−1 bidirectional links. The bandwidth level of each link is an inte-
ger number between 0 and 99 (i.e., L=100). The residual (available) bandwidth
of each link is equal to the maximum bandwidth minus the reserved bandwidth,
which is the total bandwidth reserved by a set of independent QoS flows. We as-
sume that the central limit theorem applies in this case and treat each bandwidth
level as a random variable with Gaussian (normal) distribution, which is emulated
by computing the average value of 12 random variables with uniform distribution
(the convolution method [3]). Each simulation is repeated long enough to achieve
a 90% confident interval of ±10%.

The first set of simulations evaluates the performance of the single QoS vector
scheme; that is, the maximum bandwidth can be guaranteed to a QoS routing
request. For the single QoS vector scheme, we compute the QoS vector of each
node, which comprises the estimated minimum bandwidth to any node in k hops
(k = 1, 2, . . . , n), based on 1-hop or 2-hop neighborhood information. For the
distributed Bellman-Ford scheme, we compute the maximum bandwidth (Max),
the minimum bandwidth (Min) and the average bandwidth (Avg) to any node in
k hops. Figure 2 shows the results on the 5-cube and the 10-cube. For destinations
in k hops, the difference among Maxk, Mink, and Avgk is relatively small and
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Fig. 2: The bandwidth guaranteed by the QoS vector scheme and the distributed Bellman-Ford

scheme in (a) the 5-cube and (b) the 10-cube.
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Fig. 3: The bandwidth guaranteed for the minimal paths and the sub-minimal paths by the QoS

vector scheme in (a) the 5-cube and (b) the 10-cube.

becomes smaller as k increases. There is only one node that is n hops away, and
therefore, Maxn = Minn = Avgn. Min is the upper bound for each QoS element,
b1 = Min1 when 1-hop information is used; b2 = Min2 when 2-hop information is
used. bk is usually smaller than Mink because the coded QoS information becomes
inaccurate through approximation at each stage of propagation. As k increases, the
difference becomes larger because the QoS information is less accurate for distant
destinations. The situation is worse for the 10-cube, where more details are omitted
by the QoS information coding scheme. However, this difference in performance is
relatively small, and using 2-hop neighborhood information improves the situation.

Figure 3 shows the improvement achieved by allowing a detour at the source
node. The average bandwidth guaranteed by a sub-optimal path (sub op : 1-hop

and sub op : 2-hop) is only slightly better than that guaranteed by a optimal path
(op : 1-hop and op : 2-hop). However, this improvement can be combined with
the 2-hop information method, and is achieved without increasing the message
complexity. Note that op : 2-hop is better than sub op : 1-hop for k ≥ 2, but is
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Dimension Bellman-Ford QoS Vector

3 12.9 11.1

4 26.7 19.5

5 54.9 29.2

6 111.3 42.0

7 228.4 53.6

8 460.4 69.8

9 929.3 78.1

10 1867.2 81.7

Table 4: Average number of control packets used to propagate a change in link state.

slightly worse than sub op : 1-hop for k = 1. That is because op : 2-hop cannot take
the advantage of 2-hop information when the source and destination are directly
connected. It is equivalent to op : 1-hop in this case.

Compared with the distributed Bellman-Ford scheme (each routing table con-
tains 2n entries), the single QoS vector scheme uses much less memory (each QoS
vector contains n entries). Table 4 shows the same exponential-to-linear ratio for
the message cost. Here we compare the average number of control packets caused
by a single link state information change. After the computation of the bandwidth
vectors (i.e., routing table in the distributed Bellman-Ford scheme and QoS vector
in the single QoS vector scheme) converges in an n-cube, a link (u, v) is randomly
selected to change its bandwidth level, and the bandwidth vectors of hosts u and v

are re-computed. If the new bandwidth vector is different from the old one in any
host, u or v, its neighbors are notified with n control packets containing the changes
in the bandwidth vector. Any node receiving the control packet also needs to up-
date its bandwidth vector and may send more control packets. This process repeats
until the computation converges again. As the number of dimensions increases from
3 to 10, the average number of control packets per link state change increases expo-
nentially in the distributed Bellman-Ford scheme; while the same metric increases
linearly in the single QoS vector scheme. That is, the single QoS vector scheme
has significantly less communication cost. We expect the same amount of control
packets for the double QoS vector scheme with a better QoS estimation. However,
its effectiveness still needs to be verified through simulation.

5 Conclusion

In this paper, we have proposed an approximation scheme to capture the minimum
QoS value to support routing in hypercube multicomputers. The approximation
method takes the advantage of the unique topological properties of hypercubes
and concave QoS constraints. In addition, the calculation of the approximation is
localized. This approximation also exhibits the desirable property of localized main-
tenance when the link state (QoS value) changes. Preliminary simulation results
are promising and show desirable cost-effectiveness compared with the classical dis-
tributed Bellman-Ford method. In-depth simulation, under the double QoS vector
scheme and/or more sophisticated QoS constraints, will be our future work.
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