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Abstract—Rapid growth of overloaded traffic leads to bot-
tlenecks on inter-domain links. There may not be sufficient
bandwidth for end-to-end transmission upon the arrival of
transfer bulk data requests. Storage can be introduced into
the forwarding path so that the delay tolerant data can be
temporarily stored and forwarded when network links become
less congested. In this paper, we study the Store-and-Forward
(SnF) problem in a multi-domain environment. We present a
routing scheme based on a framework named TS-MLG (time-
shifted multilayer graph) to perform inter-domain bulk data
transfer by taking both spatial and temporal aspects into
consideration. With this scheme, the cross-domain routing path
with storage and transmission information, can be determined
through conventional routing computations. An updating strategy
is proposed to realize temporal bandwidth information exchange
between physical and logical layers. Numerical simulations reveal
that SnF can improve the inter-domain bandwidth utilization
and optimize the network performance at the practical cost of
maintenance overhead and computational complexity.
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I. INTRODUCTION

The rapid growth of inter-domain traffic causes bottleneck
links, and optimizing these links are critical[1-4]. As the
residual bandwidth of inter-domain links exhibit temporal and
spatial varying characteristics, there may not be sufficient
bandwidth resource for end-to-end reservation and transmis-
sion on the arrival of request. If the request can be temporarily
stored until there is sufficient bandwidth for forwarding,
blocking can be avoided. Although the internet is inherently
a multi domain network, existing researches on bandwidth
optimization with store-and forward (SnF) are still carried out
in single domain network perspective[5-7].

Multi domain lightpath provisioning is a challenging prob-
lem for limited information exchanged between domain, hier-
archical routing is a promising approach as it can compute
routes in a skeleton or incremental manner and expanding
them to a complete end-to-end lightpath via inter-domain sig-
naling [8—12]. The conventional routing process only consider
the current state and cannot find such a spatial-temporal path.
But for SnF, it should be able to schedule current and future
bandwidth resources for request, facing whether it should
be stored, how long it will be stored, and when it will be
transferred.
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Besides, the use of storage introduces additional complex-
ities into routing process. TS-MLG (time-shifted multilayer
graph) [7] is a routing framework for bulk data SnF in
optical circuit switch (OCS) networks that greatly simplifying
the spatial assignments and temporal arrangements process.
The framework is applicable to the scenario of complete
“global” information. Considering that the abstraction layer
on hierarchical routing is a single domain view, we can adopt
to the principle of TS-MLG to compute a skeleton path over
time and space. The TS-MLG update is only related to the
routing results. As for hierarchical routing, the logical layer
update not only depends on the routing results of the physical
domain, but also the abstract scheme. So, the question sets on
how to update the TS-MLG on the abstraction layer according
to dynamics of the physical domain.

In this paper, after we extend TS-MLG to traditional
hierarchical routing to handle inter-domain spatial-temporal
schedule, we also propose a change-based update policy
consider both the abstraction layers skeleton path routing
results, the physical layers segment signaling and the topology
aggregation scheme, to adapt our routing architecture. More-
over, simulation results show that introduce SnF can optimize
the inter-link bandwidth utilization and improve the network
transfer performance at the practical cost of maintenance
overhead and computational complexity.

The rest of the paper is organized as follows. In section II,
we review the relevant works on SnF and hierarchical routing.
The description of routing and updating schemes are given
in Section III. In Section IV, we present simulation results
with the numerical analysis, the conclusion and future work
directions are drawn in Section V.

II. RELATED WORK
A. Provisioning Process of SnF

Introducing storage to network brings an additional com-
plexity into the routing process, for we need to arrange spatial
resource allocation with temporal arrangements. The work
in [7] proposes a routing framework named TS-MLG that
greatly simplifies the provisioning problems. A TS-MLG is
a multilayer graph comprised of a series of snapshots, i.e.,
layers. Each layer depicts the network dynamics at a certain
time. As is shown in Fig.1(b), solid lines connect different
nodes with the same layer represent the bandwidth capacity.
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Dash lines between the same node pairs in different layers
refer to the storage capacity of these nodes. The red arrow
lines represent a routing path; traversing a spatial link (the red
solid line) denotes physical delivery of data transfers from one
node to another; traversing a temporal link (the red dash line)
denotes storing the request on the particular node for a certain
period of time. As illustrated, when a request from node3 to
node6 arrives at time ¢y, an end-to-end path is not possible at
the current moment, as the network has insufficient bandwidth
as shown by Snapshot at ¢y, . By performing shortest path
routing on the TS-MLG, an end-to-end path, i.e., 3-5-5’-6’,
is determined, and the request stored in intermediate storage
node5 from tg to ¢5.
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Fig. 1: Example of the routing procee with TS-MLG. (a)
Original physical topology. (b) Schematic of a TS-MLG.

B. Multi Domain Hierarchical Routing

For confidentiality issue, the intra-domain will provide
limited information, and topology aggregation is proposed for
information compression by condensing the original topology
to a abstract topology with fewer virtual links and nodes.
Hierarchical routing is in a top-down manner [9-11, 13, 14]
by first computing a skeleton path upon the upper abstract
topology, then performing expansion signaling based on the
link state and resource database in the underlying layer at
present. At last, when all domains complete their establish-
ment successively, the intra-domain subpath will be merged
into one integrated end-to-end lightpath. Noted that, no matter
what update policy is used, timer- or change-based, the upper
layer can only access to the current network state. So the
skeleton path and the detailed end-to-end lightpath are all with
the current timestamp.

III. ROUTING AND UPDATING SCHEME

In this paper, we extend TS-MLG to traditional hierarchical
routing and propose a two-layer routing scheme to handle
spatial-temporal with inter-domain schedule and update. The
upper layer is on an abstract topology view and refer the prin-
ciple of TS-MLG for spatial-temporal network maintenance
and routing, while the underlying recording the intra and inter
domain dynamics responsible for skeleton path signaling.

A. Design Rationale and Assumption

We take full mesh topology aggregation to implement in-
ternal topology reduction. The border optical switching nodes
are assumed to be capable of wavelength conversion and
equipped with unlimited storage capacity. Assuming the tuple
R(s,d,t,D,BW) defines a request arrives at #, where D is the
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duration and BW is the required bandwidth, s and d indicates
the source and destination. Noted that requests are delay
tolerant bulk transfers with large volume, i.e., the duration is
range from hours to days. So, the processing overhead and
the propagation delays between two nodes can be ignored
compared with the duration and transmission delays. Once
an integrated end-to-end lightpath is admitted, the related
storage and wavelength resource are reserved for serving.
These resources can be used for other requests prior to the
reservation time.

B. Overview of the Proposed Solution

Fig.2 depicts the TS-MLG-based Hierarchical routing
scheme. As the key issues of routing process, the upper
layer LTS-MLG (Logical TS-MLG) records the bandwidth
dynamics. Topology Aggregation Policy rules the abstract
node/link and physical node/link mapping relationships. The
local TED (Traffic Engineering Database) of the physical
domain maintains the intra domain and inter-link time-related
dynamics. If no skeleton path exists in the upper LTS-MLG or
cant find physical path mappings, the request will be blocked
and lost.

C. Principles of Hierarchical SnF Routing

As shown in Fig.2, The blue arrow lines depict the routing
scheduling process, while the red denote the updating process:

1) Principles of Routing:

o Step 1: We only use busy/idle mode to establish the
availability model based on the aggregated bandwidth
information. When a new request arrives(1), analyze the
source and destination nodes location, if intra domain
business, go to the next step; otherwise, go to Step3;

o Step 2: Extract the related portion of (s,d) from the whole
LTS-MLG as Fig.3(a) shows. Compute a logical skeleton
path over the partly LTS-MLG (2), block R if fails;
otherwise, go to Step4;

o Step 3: Routing over the LTS-MLG to get a skeleton path
as Fig.3(b) shows(2). Block R if fails; otherwise, go to
Step4;

o Step 4: Choose the proper physical mappings for each

logical segment according to the Local and Inter Topol-
ogy TED. If any physical mapping operation fails, reject
R; otherwise, combine all physical mappings forming an
integrated end-to-end lightpath(3)(4).
As showed in Fig.4, 1-6-4 and /-4 are two alternative
physical mappings of skeleton path segment 4-5. Noted
that, italics denote the physical mappings and the normal
fonts are abstract node pairs. When /-6-4 or [-4 has
available bandwidth during time t1 to t1+D, 4-5 can find
its physical mapping. Otherwise, if neither /-6-4 nor /-4
have available bandwidth within a certain time interval,
signaling process would be failed.

2) Principles of Updating: We illustrate how physical end-
to-end lightpath establishment and release influence the bilevel
updating through a specific example below. As described
above in Step4, the physical mapping of the skeleton path
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Fig. 2: Overview of the TS-MLG-based Hierarchical routing architecture.

segment 4-5 is 1-6-4 at time tl. 4-6 (/-6-5 and [-2-5) and
6-5 (5-6-4 and 5-4) are relevant to /-6 and 6-4 respectively
according to Topology Aggregation.

snapshot of t1’ to reflect the network dynamics. The blue
block emphasizes the part that needs to be updated. When
some logical links removed or released, the remaining

o Step 1(Physical updating process): All snapshots between unrelated parts of the snapshot just keeps constant.

time interval [tl1, tI+D), i.e., tl and tl’ in Fig.4, will
be updated by removing the bandwidth resource along
subpath 7-6-4. As for the snapshot at the moment t1+D,
release the bandwidth used by R (5);

Step 2(LTS-MLG updating process): We combine phys-
ical link dynamics and topology aggregation policy to
determine how to update the logical links(6)(7). As stated,
the dynamic of /-6-4 affects 1-6-5 and 5-6-4 at the same
time. In addition to logical segment 4-5, 4-6 and 6-5 in
LTS-MLG are also need to be updated.

Fig.5 depicts an example of the dynamics of LTS-MLG.
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When one logical segment establishes its physical map-
ping shown in Fig.4, the LTS-MLG in Fig.5(a) lack of a
snapshot of t1’ due to network information compression
caused by topology aggregation. So, the updating pro-
cess of LTS-MLG shown in Fig.5(b) should add a new

Snapshot at t1+D
Fig. 4: Physical domain signaling.

IV. PERFORMANCE EVALUATION

We adopt a 3-domain 12-node multi domain network model
depicted in Fig.6. Request arrivals are assumed to be indepen-
dent and uniformly distributed among all abstract nodes with
a Poisson process A, the D is assumed to be exponentially
distributed with p. The load p = A/u = 5, and p is 0.2.
Herein, one bidirectional wavelength per intra-domain link and
two in the inter-domain.

The blocking performances without storage are given in
Table I, as the baseline. We define a value K to represent

(a) (b)

Fig. 3: LTS-MLG skeleton path routing. (a) Intra domain
skeleton routing. (b) Inter domain skeleton routing.
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Fig. 5: Example of the dynamics of LTS-MLGs. (a) LTS-
MLG responding to request R at tl1. (b) LTS-MLG updating
according to physical segment signaling results and topology
aggregation scheme.
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Fig. 6: Simulation model.

the number of physical mappings of the same (s, d) node
pair. Layer in the table records the maximum number of
layers that the end of the requests transfer in LTS-MLG.
SnF Ratio is defined as the ratio of stored requests to totally
succeed requests. Delay is defined as the time between the
request arrival and the end of data transfer. Because p is
0.2, the average duration of requests is 1/0.2 time units.
We averaged the results over 10 simulation runs, each with
100,000 requests.

We assume a request can be stored at any abstract node and
defer its transmission indefinitely. We investigate the blocking
performance with different values of K, and compare with
the traditional hierarchical routing under the same network

COF of Finisher Requests

Percentage of requests finished in layers

Fig. 7: PDF and CDF of requests finished on different layers
with different K.

TABLE I: PERFORMANCE OF THE NETWORK WITH-
OUT STORAGE

settings. The statistical results in Table I and Table II reveal
that the success rate of SnF outperforms the control group, and
the results show that the blocking performance can be almost
avoided via SnF.

Fig.7 shows the Cumulative Distribution Function (CD-
F) and the Probability Density Function (PDF) of requests
finished on different layers. Fig.7(a) shows that the routing
process can be completed at 27 layers, and as the number
of layers increase, the requests finished rate progressively
increases. Fig.7(b) shows that the majority of requests could be
served immediately, and only a few requests required multiple
SnFs. In detail, when K is set to 3, more than 92% of requests
finished on the first layer, which means less than 8% of
the requests required SnF. Moreover, percentages of requests
finished on the same layer increases as K increases.

We can observe that a larger K corresponds to better net-
work performance. This is because more edge-disjoint shortest
pairs means greater load balancing capabilities. What’s more,
it’s a trade-off between network performance and layers, i.e.,
the computation complexity.

Routing with limited layers, i.e., limited number of SnF,
is considered to mitigate these issues. Fig.8(a) indicates the
blocking probability decreases as the layer number increases.
When the limited layer is 15, the blocking probability of K =
3 can be down close to 0. As the curvilinear trend in Fig.8(b)
shows, a larger limited layer also means better use of the inter
domain bandwidth resource.

V. CONCLUSIONS

In this paper, we have studied introduce assistive storage
into multi domain OCS networks for delay tolerant data
transfers. We propose a routing and updating scheme to cope
with the spatial-temporal scheduling problems. simulation
results suggest SnF can optimize the network performance
and improve the inter-link bandwidth utilization at the cost
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Fig. 8: Network performance under a given layer. (a)Blocking
probability. (b)Inter-domain link utilization.
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TABLE II: PERFORMANCE OF THE NETWORK WITH
STORE AND FORWARD

K Blocking Average | Inter-Domain Link | Simulation K | Layer | Blocking | Average Avg Inter-Domain | Simulation
Probability Delay Utilization Time Probability | Delay SnF | Link Utilization Time
1 0.1662 5.0000 0.2474 4829 1 29 0 6.3142 | 0.3146 0.3057 7304
2 0.1182 5.0000 0.2504 5022 2 25 0.0094 5.6478 | 0.1950 0.2891 6479
3 0.0545 5.0000 0.2565 4679 3 21 0.0011 5.2058 | 0.0871 0.2785 6273
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of maintenance and computation overhead. Since the multi-
domain routing is sensitive to the burden of the control
plane, we intend to optimize the skeleton routing algorithm in
combination with LTS-MLG features in the future to reduce
the computation complexity and signaling overhead caused by
temporary storage.
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