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ABSTRACT Suitable composable data center networks (DCNs) are essential to support the disaggregation
of compute components in highly efficient next generation data centers (DCs). However, designing such
composable DCNs can be challenging. A composable DCN that adopts a full mesh backplane between
disaggregated compute components within a rack and employs dedicated interfaces on each point-to-point
link is wasteful and expensive. In this paper, we propose and describe two (i.e., electrical, and electrical-
optical) variants of a network for composable DC (NetCoD). NetCoD adopts a targeted design to reduce
the number of transceivers required when a mesh physical backplane is deployed between disaggregated
compute components in the same rack. The targeted design leverages optical communication techniques
and components to achieve this with minimal or no network performance degradation. We formulate a
mixed integer linear programming (MILP) model to evaluate the performance of both variants of NetCoD in
rack-scale composable DCs that implement different forms of disaggregation. The electrical-optical variant
of NetCoD achieves similar performance as a reference network while utilizing fewer transceivers per
compute node. The targeted adoption of optical technologies by both variants of NetCoD achieves greater (4
- 5 times greater) utilization of available network throughput than the reference network which implements
a generic design. Under the various forms of disaggregation considered, both variants of NetCoD achieve
near-optimal compute energy efficiency in the composable DC while satisfying both compute and network
constraints. This is because marginal concession of optimal compute energy efficiency is often required to
achieve overall optimal energy efficiency in composable DCs.

INDEX TERMS Composable data centers, disaggregated data centers, energy efficient networks, data center
networks, MILP, optical communication, wavelength division multiplexing, optical routing networks, silicon
photonic.

I. INTRODUCTION
Data centers (DCs) are pivotal infrastructures which support
on-demand access to computing capacity at scale. To meet
present and future demands for on-demand computation ser-
vices, there is a proliferation of the number of DC deploy-
ments on a global scale. Over the years, several efforts have
been made to improve the efficiency of DCs to reduce capital
expenditure (CAPEX) and operational expenditure (OPEX)
and to improve their eco-friendliness. In recent times,
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the composable DC paradigm, which promotes dynamic
orchestration of disaggregated computing components over
suitable networks, is widely acknowledged as a tool for
achieving further improvements in the efficiency of next
generation DCs.

In the last two decades, several efforts have been
made to improve the energy efficiency of core, metro
and access communication networks that collectively sup-
port on-demand access to remote computing capacities
in cloud and fog DCs [1]–[10]. Furthermore, several
studies have also been conducted to improve traditional
DC networks (DCNs) [11]–[13]. However, the advent of
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composable DCs demands significant revisions in DCN
design. Designing a suitable network for composable DCs is
daunting since disaggregation of traditional server resource
components implies that high-bandwidth and ultra-low
latency inter-resource communication must traverse higher
tiers of DCNs. A range of switch architectures, network
types and physical network topologies have been proposed
for composable DCs in the literature. Section II of this paper
briefly reviews various network topologies proposed for
composable DCs.

The mesh physical topology is often proposed [14]–[16]
to interconnect disaggregated components within a rack,
because of the high capacity and low latency offered by this
topology. Although, a full mesh physical topology is desirable
to interconnect disaggregated components within the rack of
a composable DC, adopting a generic design that requires
dedicated transceivers on each point-to-point link of the mesh
fabric is an overkill as the cost may out-weigh the ben-
efits. Furthermore, inappropriate use of electrical switches
in composable DCs can lead to significant increase in total
DC power consumption [17]. In this paper, we propose a
network for rack-scale composable DCs. The novel network
leverages optical components, optical networking techniques,
and technologies to minimize the number of transceivers
at each node while maintaining full mesh connectivity
within each rack in the composable DC. We describe two
(i.e., electrical, and electrical-optical) variants of the pro-
posed network and demonstrate the efficacy of both variants
via mixed integer linear programming (MILP) optimization
model formulation. By solving the MILP model under dif-
ferent scenarios, we show that the targeted design adopted
by the proposed network achieves expected performance.
Hence, network design challenges are mitigated, and cost
is minimized by optimally utilizing the available network
throughput. At the same time, the inherent waste, which is
associated with the adoption of a generic design, is prevented.
Furthermore, the electrical-optical variant of the proposed
topology strategically utilizes electrical switches to minimize
network power consumption and to maximize network uti-
lization. This paper extends our initial work in [18] in the
following ways:

1) A brief review of network topologies proposed for
composable DCs is made.

2) Use of semiconductor-optical-amplifiers (SOA) based
optical switches in a new configuration eliminates
the need for optical filters in the proposed network
topology.

3) Electrical and electrical-optical variants of the pro-
posed network topology are described.

4) A complete MILP model is given for the first time.
5) In addition to logical disaggregation, physical and

hybrid disaggregation are considered at rack-scale.
6) Lastly, results are discussed extensively.
The remainder of this paper is organized as follows:

in Section II, an overview of composable DCs is given
by briefly reviewing resource disaggregation and suitable

network topologies for composable DC. Section III gives
a description of the electrical and electrical-optical variants
of the proposed network for composable DCs. Section IV
presents theMILPmodels formulated to represent all network
topologies studied in this paper and evaluates the perfor-
mance of each topology by conducting a maximum through-
put test and energy efficient network load test. Section V
introduces the MILP model for energy efficient placement
of virtual machines (VMs) in composable DCs that adopt the
proposed topology while Section VI presents results obtained
by solving the MILP model in a rack that implements phys-
ical, logical and hybrid disaggregation. Finally, this paper is
concluded in Section VII.

II. REVIEW OF COMPOSABLE DC INFRASTRUCTURE
A composable DC comprises physically and/or logically
disaggregated computing components. These disaggregated
components are composed, de-composed and re-composed
on-demand via software over suitable networks to provi-
sion right-sized logical servers. The logical servers provide
temporal support for applications. Hence, a dynamic DC,
which achieves more granular and modular utilization
of DC resources relative to today’s server centric DCs,
is enabled. Consequently, greater agility, flexibility and
improved efficiencies are made possible in composable DCs.

A. RESOURCE DISAGGREGATION
Resource disaggregation mitigates the resource stranding
problem associated with the server centric DCs to enable
greater utilization of resource components in cloud DCs [17]
and fog DCs [19]. This is achieved by physically and/or log-
ically separating DC computing components into homoge-
nously or heterogeneously resourced pools. Furthermore,
utilization scopes may also be enforced between disaggre-
gated components to ensure that application specific require-
ments are satisfied when provisioning logical servers in the
composable DC. This is because some applications may
require/desire specific forms of disaggregation to achieved
optimal performance.

1) PHYSICAL DISAGGREGATION
Under this form of disaggregation, computing components
are physically separated into homogenously resourced pools.
A homogenously resourced pool is a server-like node
which comprises computing components of the same type
(i.e., CPU, memory, or storage). Such homogenous nodes
are subsequently allocated to racks in the composable DC at
different scales i.e., rack-scale, pod-scale, or DC-scale [17],
[20], [21]. At rack-scale, the DC comprises many racks;
each rack comprises many homogenously resourced nodes
of different resource types; and the resources within each
node can only be used in conjunction with resources of other
co-rack nodes to form a logical server. At pod-scale, the
DC comprises many racks; each rack holds multiple homoge-
nously resourced nodes of the same resource type; heteroge-
neously resourced racks are allocated to each pod; and the
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resources within each node can only be used in conjunc-
tion with resources of other co-pod nodes to form a logical
server. At DC-scale, the DC comprises many homogenously
resourced pods of different resource type; and the resources
within each pod can be used in conjunction with resources of
other pods in the DC to form a logical server.

2) LOGICAL DISAGGREGATION
The utilization scope of logically disaggregated computing
components is not enforced physically as observed for physi-
cally disaggregated DCs. Rather, the utilization is enforced
virtually on-demand using knowledge of the infrastructure
state and of applications’ specific demands. Logical disag-
gregation supports re-purposing of the server-centric archi-
tecture of traditional DCs to enable a rack-scale composable
DC that can support all type of applications [17].

3) HYBRID DISAGGREGATION
A DC that implements hybrid disaggregation combines
both physical and logical disaggregation to achieve
optimal efficiency with zero or minimal violation of appli-
cation specific requirements. Some compute nodes allo-
cated to racks and pod in a DC that implements hybrid
disaggregation are homogenously resourced while other
are heterogeneously resourced nodes (like a traditional
servers).

B. NETWORK TOPOLOGIES FOR COMPOSABLE DC
High capacity and ultra-low latency network topologies are
required to interconnect nodes in a composable DC following
physical, logical and hybrid disaggregation of computing
components. Such networks support the orchestration and
management software of composableDCs to optimally utilize
disaggregated components. A range of network topologies
have been proposed for composable DCs in the literature.
Such topologies can be categorized as using switch archi-
tecture, network type, convergence, and physical topology as
classification metrics.

1) SWITCH ARCHITECTURE
Network topologies for composable DCs can be classified
into centralized and distributed switch networks based on
the switch architecture. A network topology that solely per-
forms switching and forwarding at centralized switches is
a centralized switch architecture. The topology proposed
in [22] and [23] implements a centralized switch architecture.
On the other hand, a network topology that performs switch-
ing and forwarding functions at compute nodes either solely
or to complement centralized switching and forwarding func-
tions is a distributed switching architecture. The topologies
proposed for composable DCs in [14], [16] and [15] imple-
ment a distributed switch architecture. A distributed switch
architecture is more intelligent and adaptive relative to a
centralized switch. However, a distributed switch can bemore
complex and costly [24].

2) NETWORKS TYPE
Classification based on network type considers the type
of switching and forwarding components adopted in the
corresponding network topology. Hence, topologies can be
categorized as electrical, optical and hybrid network
topologies. It is important to note that the use of optical
links in composable DCs has no impact on this classification.
This is because of the wide adoption of optical links in
modern DCs.

i. Electrical topologies: The multi-tier Ethernet based
network topologies proposed for Intel’s Rack-Scale
Design (RSD) [23] reference model solely adopt elec-
trical switches. Hence, it is an electrical network topol-
ogy. Another multi-tier electrical topology is proposed
for Huawei’s high throughput computing DC archi-
tecture which is a rack-scale composable DC [14].
Similarly, the Gen-Z consortium proposed electrical
switches for the implementation of a switched fabric
to interconnect disaggregated CPU and memory mod-
ules [25]. Adoption of electrical switches can improve
utilization of the optical fabrics that are often deployed
in composable DCs. This is because electrical switches
provide optical electrical optical (OEO) conversions
that can enable optimal utilization of optical links.
Additionally, electrical topologies adopt a centralized
switch architecture which is somewhat simpler and is
well known due to its wide adoption in modern DCNs.
However, electrical switches are known to have high
power consumption [17]. Furthermore, compared to
the high bandwidth communication required between
disaggregated computing components in composable
DCs, the capacity supported by traditional electrical
switches are relatively lower. The latency of traditional
electrical switches which ranges between 0.10 µs [16],
and 10 µs [20] is unsuitable for seamless disag-
gregation of CPU and memory in composable DCs.
Notwithstanding, the high bandwidth sub-100ns
latency electrical switches proposed by the Gen-Z
consortium are promising [26].

ii. Optical topologies: Optical topologies have been
proposed for composable DCs to mitigate the chal-
lenges associated with electrical topologies. There-
fore, the advantages of optical communication over
electrical communication are leveraged. Such advan-
tages include high-speed transparent communication,
wavelength division multiplexing (WDM) and greater
energy efficiency. The works in [15], [16], [27]–[29]
have proposed various optical topologies for com-
posable DCs. However, it is important to note that
all-optical topologies also have inherent limitations.
For example, all-optical topologies often require dis-
tributed switch architectures. This is because optical
switches usually forward received wavelengths trans-
parently in the absence of wavelength conversation.
Furthermore, established light-paths can be poorly
utilized since multiplexing of traffic streams into
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lightpaths is performed at the source of the light-
path. This is because wavelength continuity must be
maintained between source and destination nodes of
a lightpath, and optical buffering capabilities are still
limited.

iii. Hybrid topologies: Hybrid topologies for compos-
able DCs leverage both electrical and optical switches.
Hence, they may optimally utilize the benefits of
both network types. A hybrid topology is proposed
for rack-scale composable DC in [30]. Furthermore,
the authors of [22] also proposed a hybrid topology for
pod-scale composable DCs. However, it is important
to note that poorly sited electrical switches in a hybrid
network topology designed for composable DCs can
be disadvantageous in terms of latency and power con-
sumption [17]. A variant of the network for composable
DCs proposed in this paper is a hybrid topology that
demonstrates the strategic use of electrical and optical
switches for optimal efficiency.

3) NETWORK CONVERGENCE
Network topologies can be classified based on (non)separation
of network traffic in composable DCs. Non-converged net-
work topologies, as proposed in [30], have a dedicated fast
fabric for high bandwidth and low-latency traffic types such
a CPU-memory traffic while a second generic backplane
supports other traffic types such as CPU-IO and CPU-disk
traffic types. A non-converged network can enable reuse
of traditional network infrastructure in a composable DC
to implement the generic fabric. However, adoption of the
composable DC paradigm is expected to lead to a complete
overhaul of both compute and network infrastructures in DCs.
On the other hand, a common fabric is adopted in a converged
network topology. Hence, it requires a relatively simpler
physical topology which can be optimally utilized. How-
ever, significantly higher network orchestration and control
intelligence is required in a converged network. The works
in [14]–[16], [23], [27] implement a converged network
topology.

4) PHYSICAL TOPOLOGY
Network topologies proposed for composable DCs can also
be classified based on the physical topology adopted in
each rack. Star, torus, and mesh physical topologies are
commonly proposed for composable DCs networks. The
authors of [14], [22], [25], [27] only proposed a star physical
topology between compute nodes and switches within the
same rack. Direct point-to-point connection is not employed
between intra-rack compute nodes. A multi-tier star topology
is another option proposed for in Intel’s RSD [23]. The hubs
(i.e., switches) in star physical topologies are a single point
of failure, capacity bottlenecks and introduce additional delay
due to single-hop communication. The authors of [14], [31]
have also proposed the torus physical topology for compos-
able DCs network topologies. Relative to the star topology,
the torus topology requires higher number of links per node

but provides higher path diversity and throughput. In addi-
tion to the star topology between the compute nodes and
switches with the same rack, the authors of [14]–[16] also
proposed full mesh connectivity between compute nodes in
the same rack. The direct point-to-point optical connection
between compute nodes enable low latency and high-capacity
communication paths. Furthermore, a mesh topology pro-
vides greater path diversity relative to the torus topology. For
example, the all-optical programmable disaggregated DCN
(AOPD-DCN) [16] as illustrated in Fig. 1 proposes a mesh
topology between nodes in the same rack while the optical
top of rack (ToR) switch in each rack connects to an optical
top of cluster (ToC) switch. The ToC switch in turn connects
to an inter-cluster switch. An architecture on demand (AoD)
optical switch capable of optical circuit switching (OCS)
and optical packet switching (OPS) is employed to imple-
ment both ToC switch and the inter-cluster switch in the
proposed DCN.

FIGURE 1. All-optical programmable disaggregated DCN (AOPD-DCN) in a
cluster of a composable DC.

However, the generic view that high data rate links are
required concurrently between all co-rack compute nodes in
a composable DC as proposed in [15], [16] can be very costly
and wasteful. Although full-mesh physical connectivity is
desirable for on-demand low latency and high-bandwidth
communication between compute nodes, each compute node
usually would not communicate concurrently with all co-rack
nodes in a practical composable DC. For instance, consider
a scenario where a traditional server, with one CPU, one
memory, one storage device and one network interface card
(NIC), is physically disaggregated into four homogenous
compute nodes. Given, CPU-to-memory traffic of 400 Gbps
and 200 Gbps in the uplink and downlink directions respec-
tively; CPU-to-storage traffic of 60 Gbps and 40 Gbps in the
uplink and downlink directions respectively; and CPU-to-IO
traffic of 10 Gbps and 8 Gbps in the uplink and downlink
directions respectively, (1) shows the corresponding traffic
distribution between the disaggregated compute components.
The traffic distribution shows that the compute node with
CPU is a hotspot which also requires high-capacity inter-
faces. Similarly, the compute node with RAM also requires
high-capacity interfaces because of the high-bandwidth
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communication with the remote CPU. Capacity requirement
of compute nodes with hard disk drive (HDD) and NIC
require low-medium interface capacity. Furthermore, in a
rack with multiple disaggregated servers, it is unlikely that
a compute node in the rack would communicate with all
other co-rack compute nodes concurrently. Additionally, in a
scenario where the compute node holds multiple CPU com-
ponents, hence, a hotspot, it is unlikely in a practical scenario
that such a node communicates with all other co-rack nodes
at maximum capacity concurrently.

In this paper, two variants of a network for compos-
able DCs, which optimally utilize intra-rack physical mesh
connectivity while using minimal number of interfaces, are
proposed. The converged network topologies leverage optical
communication techniques, components, and technologies
for this purpose.

TD =


Node CPU RAM HDD NIC
CPU 0 400 60 10
RAM 200 0 0 0
HDD 40 0 0 0
NIC 8 0 0 0

 (1)

III. NETWORK DESCRIPTION
Network for Composable DCs (NetCoD) is a converged
network topology that implements the distributed switch
architecture. It leverages optical communication technologies
and silicon photonics to support high-speed and low latency
communication in composable DCs. Two variants of NetCoD
are described in this paper i.e., electrical, and electrical-
optical variants. Both variants of NetCoD are designed for a
composable DC that implements resource disaggregation at
rack-scale. Therefore, inter-resource communication is lim-
ited to the internal network of each rack while traditional
DC traffic (i.e., east-west, and north-south traffic) traverse the
inter-rack network of the DC. A common intra-rack network
design is adopted in both variants of NetCoD. However, each
variant integrates with a different inter-rack network type in
composable DCs.

A. INTRA-RACK NETWORK
The intra-rack network within each rack, as shown in Fig. 2,
leverages optical communication components, technologies,
and techniques to support high-speed and low latency
communication between intra-rack resource components.
Optical components such as optical backplane, optical cir-
culators, combiners, demultiplexers, optical switches and
silicon photonic transceivers are adopted at each compute
node. The functions of the intra-rack network components are
as follows.
Passive optical backplane: The optical backplane is a

passive wavelength routing network within each rack that
supports full mesh physical connectivity between nodes in
the rack via point-to-point links. To minimize the size of the
optical backplane within each rack, bi-directional transmis-
sion may be employed provided that the same wavelength

FIGURE 2. Network for composable DCs (NetCoD).

is not active in forward and reverse directions simultane-
ously. WDM enables increased transmission capacity over
a point-to-point optical link between two compute nodes.
Furthermore, because each optical link establishes a ded-
icated point-to-point communication link between unique
node pairs in the rack, space division multiplexing (SDM)
enables wavelength reuse on the optical backplane within the
same rack.
Node Controller Hub: Each node in the rack-scale com-

posable DC infrastructure has a node controller hub (NCH)
which is proposed to replace the platform controller hub of
traditional servers. As shown in Fig. 2, all compute compo-
nents in a node are connected to the NCH. Compute compo-
nents in the same node may also maintain direct connectivity
to one another via the node’s on-board fabric to reduce the
workload on the NCH, to ensure path diversity within the
node and for greater energy efficiency. The NCH is a network
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element which performs network related computation in Net-
CoD. It may be implemented on an application-specific inte-
grated circuit (ASIC) in commercial deployment and by a
field-programmable gate array (FGPA) in experimental sce-
narios. The NCH performs the following functions:
• End-to-end virtual network setup (i.e., the routing func-
tion) for inter-nodal communication via direct or indirect
physical links.

• Assignment of wavelengths for hop-to-hop communica-
tion (i.e., the forwarding function) over physical optical
links.

• Multiplexing of data onto and the de-multiplexing of
data from assigned inter-nodal wavelengths.

• Acting as an intermediate node on an indirect multi-hop
path between two nodes.

• Optical switch path configuration to prevent wavelength
collision on the passive optical backplane.

• Rate control and traffic scheduling as required to achieve
optimal performance.

At each node, the NCH performs wavelength selection
to avoid wavelength collision. Wavelength selection is per-
formed based on global knowledge of the selection made at
other nodes. Hence, all NCHs in NetCoD must be centrally
controlled and orchestrated to ensure optimal wavelength
utilization and the ability to operate NetCoD at maximum
capacity.
Integrated Interfaces: Integrated with each compute node’s

NCH are two interfaces. Each interface comprises an array
of silicon photonic transceivers that transmit and receive a
set of pre-defined wavelengths. The wavelengths transmitted
by one interface are received by the other interface and vice
versa. This enables a node to use all the wavelengths sup-
ported by its interface for transmission and reception of data
concurrently. A common interface pair is deployed in all com-
pute nodes within each rack to enable easy replication and
to leverage the benefits of economies of scale. The interface
setup at each node promotes wavelength reuse in each rack
and minimizes the number of unique wavelengths required
within each rack. Additionally, adoption of the interface pair
at each node also enables path diversity which improves
the resilience and capacity of NetCoD. The integration of
a node’s NCH element and the pair of interfaces may be
implemented as a co-packaged device with optical IO by
leveraging silicon photonics technologies.
De-multiplexer: In the transmitting direction, the

de-multiplexers can be optionally used at each node to
separate the wavelengths transmitted from the interface into
the appropriate input port of the optical switch. Otherwise,
each transmitter at each node can connect directly to the
input port of the optical switch. In the receiving direction,
the de-multiplexer receives multiplexed wavelengths directed
to a corresponding node from the passive optical backplane
and forwards each wavelength to the interface that should
receive it. This is achieved via pre-configured physical con-
nection between the de-multiplexer and the pair of interfaces
attached to each node.

Optical switches: These are positioned before the point-
to-point optical links between a node and the optical
backplane to prevent wavelength collision on the optical
backplane and at the receiving nodes. Path configuration
on the optical switch should be performed by NCH based
on global knowledge. An integrated and energy efficient
SOA-based optical switch with fast switching speed is pro-
posed to implement the optical switch.
Combiners: In the receiving direction, the combiner at each

compute node receives all wavelengths that have successfully
traversed the optical backplane to reach the corresponding
compute node and it combines and forwards the received
wavelengths to the de-multiplexer.
Optical Circulators: Circulators enable bi-directional

communication on optical links of the intra-rack backplane.
Circulators are optional and may be employed between the
optical backplane and the optical switch and between the
de-multiplexers and the integrated interfaces of each compute
node. Adoption of bi-directional communication can reduce
the size of each rack’s optical backplane by half relative to the
use of unidirectional communication. However, use of bidi-
rectional communication over an optical link in the optical
backplane may limit the attainable capacity because wave-
length utilization efficiency may reduce. Use of circulators to
achieve bi-directional communication can also increase cost.

1) LINK SETUP PROCESS IN INTRA-RACK NETWORK
The following process is implemented to setup a link between
two nodes within a rack that employs NetCoD. The NCH
selects wavelengths (from the pool of wavelengths available
at the pair of interfaces at each source node) which will
ensure collision free transmission on the optical backplane
and at the destination node. In the transmitting direction,
the wavelengths transmitted by the interfaces of each node
flow through optical circulators to the de-multiplexer. The
de-multiplexer separates all transmitted wavelengths of each
node. The de-multiplexer is connected to an optical switch
which directs the transmitted wavelengths to the appropriate
link on the rack’s optical backplane. Wavelength collision
is avoided via the configuration of optical switches and via
the use of parallel paths on the optical backplane to setup
dedicated communication paths between each communicat-
ing nodes pair.

In the receiving direction, a combiner receives all transmit-
ted wavelengths from other co-rack nodes and forwards the
received wavelengths to a de-multiplexer. The de-multiplexer
separates and forwards each received wavelength to the cor-
responding circulator that leads to the receiving interface.
At the interface, each transceiver receives its associatedwave-
length and forwards the received data to the NCH. The
NCH de-multiplexes the received data stream and forwards
it to the appropriate compute component if it is in the des-
tination node. Otherwise, the NCH forwards the received
data to the corresponding interface linked to the next hop on
the multi-hop communication path and selects an appropriate
wavelength(s).
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On the one hand, optical switches ensure that a wave-
length is only transmitted to an intended destination node via
the optical backplane. Combiners receive the ingress traffic
(on the selected wavelengths destined for each node) from
the optical backplane. Consequently, optical switches and
combiners collectively reduce the number of interfaces
required for each node to communicate over the full
mesh optical backplane in a rack since concurrent all-
to-all communication is not expected between all co-rack
nodes.

As an illustration, consider a rack comprising of 4 compute
nodes as illustrated in Fig. 3, where interface 1 of each NCH
emits wavelengths λ0 and λ1 and receives λ2 and λ3 while
interface 2 of each NCH emits wavelengths λ2 and λ3 and
receives wavelengths λ0 and λ1. At a given time, Fig. 3 shows
a static wavelength assignment at each node that leads to
maximum throughput in the intra-rack network. This wave-
length assignment does not violate network constraints under
unidirectional or bi-directional transmission mode on optical
links. As illustrated in Fig. 3, Node 1 transmits wavelengths
λ0-λ3 to Node 2; Node 2 transmits wavelengths λ0-λ3 to
Node 4; Node 4 transmits wavelengths λ0-λ3 to Node 1;
and Node 3 transmits wavelengths λ0-λ3 to Node 1. Hence,
all nodes transmit and receive at full capacity by leverag-
ing WDM. Furthermore, SDM enables wavelength reuse on
disjoint physical links as shown in Fig. 3. It is important
to note that the wavelength routing and assignment illus-
trated in Fig. 3 is a solution to a MILP model that maxi-
mizes throughput between four intra-rack nodes. Section IV
gives a full description of the MILP model that was
solved.

FIGURE 3. Wavelength assignment between 4 intra-rack nodes in NetCoD.

B. INTER-RACK NETWORK
Two variants of the inter-rack network are proposed for Net-
CoD. The first variant, which is called electrical-NetCoD
(E-NetCoD), adopts an electrical inter-rack network because
it comprises only electrical switches. The second variant,
which is called electrical-optical-NetCoD (EO-NetCoD),
adopts a hybrid inter-rack network which includes both elec-
trical and optical switches. The physical topology depicted
in Fig. 4 is adopted for both variants of NetCoD in the cluster
of a composable DC.

FIGURE 4. An implementation of network for composable DCs in a single
cluster.

1) ELECTRICAL NETCOD
In the electrical variant of NetCoD (E-NetCoD), the optical
backplane of the intra-rack network also includes dedicated
point-to-point links between compute nodes in each rack and
a bespoke electrical leaf switch which functions as a ToR
switch. The intra-rack network integrates with an electrical
leaf-spine DCN topology via such links a shown in Fig. 4.
The leaf switches are equipped with specialized interfaces to
enable communication with compute nodes within the same
rack via the NCH. The bespoke leaf switch within each rack
and NCH (attached to each compute node in the rack) are
centrally orchestrated to avoid wavelength collision. It is
assumed that the bespoke leaf switch can perform wave-
length conversion as required and that they have intrinsic
intelligence to select wavelengths that avoid collision when
communicating with each NCH. The leaf switch in each rack
connects to the electrical spine (ToC) switches in the higher
tier of the leaf–spine DCN topology and the spine (ToC)
switches connect to electrical super-spine (gateway) switch
to support inter-cluster communication and north-south com-
munication in the composable DC.

All electrical switches in the topologies perform routing
and forwarding functions. However, the gateway switch is
expected to support higher capacity relative to other electrical
switches in the leaf-spine physical topology. A leaf-spine
network topology is employed in the inter-rack fabric because
of its well-known advantages such as robustness enabled
via path diversity and non-disruptive scalability. Addition-
ally, the use of multiple aggregated physical links between
switches in the inter-rack network may be implemented in
large deployment scenarios, as shown in Fig. 4, to improve
capacity as required. The integration of intra-rack network
and inter-rack leaf-spine network of E-NetCoD conveys all
traffic types (i.e., inter-resource traffic, east-west traffic, and
north-south traffic) in the composable DC. Hence, a con-
verged network. However, rack-scale disaggregation ensures
that inter-resource traffic is limited to each rack; this pre-
vents oversubscription and throughput challenges that may
otherwise arise if such a converged network is deployed in a
composable DC.
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In addition to supporting inter-rack traffic exchanges,
the leaf switches can also function as an intermediate node
for inter-resource traffic and east-west traffic exchangewithin
the same rack. A low latency electrical switch such as the
switch proposed by the Gen-Z consortium [25] may be
adopted as the leaf switch. The integration of the optical
backplane and the leaf-spine topology in each rack enables
additional paths for inter-resource communication within the
rack. Therefore, improving capacity and robustness. How-
ever, network bottlenecks resulting from the adoption of
a shared medium for all communication types may occur
at each node. It is expected that the higher capacity of
single wavelength data rate in optical links will mitigate
such bottlenecks. In recent times, up to 100 Gbps single
wavelength transmission have been deployed [32] and even
higher capacity is expected as optical technologies advance.
Notwithstanding, a robust control mechanism is required to
effectively manage the transmission of heterogeneous traffic
types concurrently on the same media.

2) ELECTRICAL-OPTICAL NETCOD
The electrical-optical variant of NetCoD (EO-NetCoD)
adopts optical switches to replace electrical leaf and spine
switches of the E-NetCoD while maintaining an electrical
gateway switch. This reduces the OEO conversions in the net-
work topology to enable reduced latency and reduced power
consumption because each compute node can select appro-
priate wavelengths to establish both intra-rack and inter-rack
light-paths. Alternatively, multiple light-paths may be estab-
lished to facilitate inter-rack communication via intermediate
nodes such as the electrical gateway switch or compute nodes
in other racks of the composable DC. It is assumed that the
high-capacity electrical gateway switch can perform wave-
length conversion as required and that it also has intrinsic
intelligence to select wavelengths that avoid collision when
communicating over the inter-rack network.

A limitation of EO-NetCoD is the degradation in network
performance resulting from wavelength continuity when
routing is performed solely in the optical domain with lim-
ited wavelength and OEO conversions. Wavelength continu-
ity leads to reduction in wavelength utilization and higher
number of network connection request rejections in optical
networks. Hence, it reduces network flexibility relative to a
network that performs more OEO or wavelength conversions.
However, this challenge may be mitigated when high single
wavelength transmission rate is adopted. Since higher sin-
gle wavelength transmission rate is constrained by techno-
logical advancement, the adoption of greater path diversity
between switches in the inter-rack network is proposed to
further mitigate the challenges introduced by wavelength
continuity as given in Fig. 4. Factors that may determine
the number of diverse paths provisioned between switches
of the inter-rack network include but are not limited to the
number of compute nodes in each rack, DC cluster size, size
of the wavelength-pool supported in the NetCoD system and
network availability criteria desired in the DC.

In contrast to E-NetCoD where electrical switches enable
wavelength and OEO conversions intrinsically, the adop-
tion of optical switches in EO-NetCoD increases the like-
lihood of wavelength collision and consequently reduces
wavelength reuse opportunities. On the one hand, the
NCH element attached to each compute node can enable
wavelength and OEO conversions by selecting appro-
priate wavelengths for hop-to-hop communication over
both intra-rack and inter-rack networks. Furthermore, the
electrical gateway switch forms an important boundary for
wavelength collision and reuse in the inter-rack network of
EO-NetCoD. To complement similar functions performed by
the NCH, the gateway switch also performs OEO and wave-
length conversions. The boundary introduced by the gateway
switch limits the wavelength collision domain to each cluster
of the composable DC. Hence, each cluster is an indepen-
dent wavelength collision domain, and the pool of supported
wavelengths can be independently reused in each cluster of
the composable DC to maximize wavelength utilization and
the total network capacity. Additionally, the capacity of links
between optical switches in the inter-rack network is limited
because wavelength collision avoidance is required in the
all-optical layer. To overcome this limitation, path diversity
should also be employed between switches in the inter-rack
network to improve capacity in large deployment scenarios.

A configurable optical switch such as an optical cross
connect (OXC) is proposed for the all-optical leaf-spine layer
of EO-NetCoD to enable an adaptable and dynamic network
for composable DCs. It is important to note that a passive
all-optical switch such as the arrayed waveguide grating
router (AWGR) may be used to implement the leaf-spine
layer of the EO-NetCoD. However, there are inherent dis-
advantages of using a passive optical switch which has a
fixed routing matrix. Such design can reduce cost efficiency
and energy efficiency because multiple transceivers must be
fitted onto each node’s interface. For example, if a single
rack with 48 servers is considered, to achieve full mesh
connectivity between all servers in that rack via single hop
communication through an AWGR (without the use of time
slots on wavelengths), a 48×48 AWGR is required, and each
nodes interface must support the transmission and reception
of 48 unique wavelengths. On the other hand, the use of
multi-hop communication path to achieve virtual full mesh
connectivity implies that routing and forwarding costs (power
consumption) must be incurred at intermediate nodes on
the communication path. In scenarios with high multi-hop
communication, such power consumptionsmay outweigh any
power savings achieved via the adoption of a passive optical
switch with zero power consumption.

3) SCALING NETCOD
At the rack level, both variants of NetCoD scale-out via incre-
mental and non-disruptive installation of additional com-
pute nodes. The newly added compute nodes are connected
to existing compute nodes and to the ToR switch in that
rack via the passive optical backplane. At the cluster level,
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NetCoD scales-out via incremental and non-disruptive instal-
lation of more racks. The additional racks are connected
to the dedicated leaf-spine inter-rack network of each clus-
ter. Finally, at the DC-level, NetCoD supports on-demand
scale-out via incremental and non-disruptive installation of
more clusters which are connected to the electrical gateway
switch of the composable DC.

IV. MILP MODEL FOR NETWORK TOPOLOGIES
This section presents a MILP model that is formulated to
optimize both variants of NetCoD. The MILP model is also
revised to implement AOPD-DCN. The MILP model per-
forms routing and forwarding of network traffic over the
corresponding network topology to minimize or maximize a
specific objective.

A. MILP MODEL FOR E-NETCOD
The model sets, parameters, and variables for a composable
DC that implements E-NetCoD are given as follows.

1) SETS

A Set of compute nodes A ⊆ N
G Set of DC gateway switches to the Internet G ⊆ N
Y Set of compute nodes and DC gateway switches

Y ⊆ N ; Y = A ∪ G
Z Set of leaf and spine switches Z ⊆ N
Q Set of routing and forwarding nodes in the DC,

Q ⊆ N ; Q = Z ∪ A ∪ G
N Set of all Nodes, N = Z ∪ A ∪ G
Nm Set of all neighbor nodes of node m ∈ N ;Nm ⊆ N .
Bm Set of all intra-rack neighbor nodes of node m ∈ N ;

Bm ⊆ N .
Am Set of all compute nodes that are neighbors of

compute node m ∈ A;Am ⊆ A.
O Set of transmission wavelengths supported in the

network.
T Set of interfaces supported by a compute node.

2) NETWORK PARAMETERS

Tof Tof = 1 if wavelength o ∈ O is allocated to
interface f ∈ T for transmission of data traffic,
otherwise Tof = 0

Rof Rof = 1 if wavelength o ∈ O is allocated to
interface f ∈ T for reception of data traffic,
otherwise Rof = 0

µi Load proportional routing cost for a routing and
forwarding node i ∈ Q, (J/b)

OB On-board network interface energy per bit (J/b)
TXm Transmitting energy per bit (J/b) of routing and

forwarding node m ∈ Q
RXm Receiving energy per bit (J/b) of routing and

forwarding node m ∈ Q
RLm Relaying energy per bit (J/b) of routing and

forwarding node m ∈ Q

X Optical switch operational power in Watt
E Electrical switch operational power in Watt
S SOA switch energy per bit (J/b)
ρ Number of spine switches in the composable DC
% Number of electrical gateway or super-spine

switches in the composable DC
Number of active racks in the composable DC

τsd Total traffic from node s ∈ Q to node d ∈ Q.
D Maximum data rate of a single wavelength.
Q A big number (100000)
G A big number (1000)

3) NETWORK VARIABLES

Tsd Total traffic from node s∈ Q to node d∈ Q.
Tijsd Volume of Tsd or τsd traversing virtual link (i, j).

i ∈ Q, j ∈ Q, s∈ Q,d ∈ Q : i 6= j, s 6= d .
It denotes routing of traffic in the virtual
network.

ij Volume of traffic on virtual link (i, j);
i ∈ Q, j ∈ Q

8i Traffic transmitted at routing node i ∈ Q
9i Traffic received at routing node i ∈ Q
�i Traffic relayed at routing node i ∈ Q
φm Traffic transmitted at forwarding node m ∈ Q
ψm Traffic received at forwarding node m ∈ Q
ωm Traffic relayed at forwarding node m ∈ Q
ij
omn Volume of traffic on virtual link (i, j) using

wavelength o ∈ O on physical link (m, n) , i ∈ Q,
j ∈ Q,m∈N , n ∈ Nm:i 6= j,m 6= n

omn Volume of traffic using wavelength
o ∈ O on physical link (m, n) ,m∈N , n ∈ Nm:
m 6= n

omn omn = 1 if omn> 0. Otherwise omn = 0,
o ∈ O,m ∈ N , n ∈ Bm:m 6= n

omn omn = 1, if omn ∨ onm = 1. Otherwise
omn = 0, o∈O,m∈N , n ∈ Bm:m 6= n

eofm eofm = 1 if wavelength o ∈ O is used on interface
f ∈ T of compute node m ∈ A either to transmit
traffic to neighbor nodes or receive traffic from
neighbor nodes. Otherwise, eofm = 0.

The variables are related as follows.

omn ≥ omn

∀o ∈ O,∀m ∈ N , n ∈ Bm : m 6= n (2)

omn ≤ Q omn

∀o ∈ O,∀m ∈ N , n ∈ Bm : m 6= n (3)

Equations (2) and (3) derive the state of each wavelength
available on each physical link within the rack.

8i =
∑
j∈Q

∑
d∈Q

Tijid

∀i ∈ Q : d 6= i, i 6= j (4)
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Equation (4) derives the traffic transmitted by a routing and
forwarding node in the virtual layer of the network topology.

9i =
∑
s∈Q

∑
j∈Q

Tjisi

∀i ∈ Q : s 6= i, i 6= j (5)

Equation (5) derives the traffic received by a routing and
forwarding node in the virtual layer of the network topology.

�i =
∑
s∈Q

∑
d∈Q

∑
j∈Q

Tijsd

∀i ∈ Q:s 6= d, s 6= i, d 6= i, i 6= j (6)

Equation (6) derives the traffic relayed by a routing and
forwarding node in the virtual layer of the network topology.

φm =
∑
o∈O

∑
n∈Nm

∑
j∈Q

mj
omn

∀m ∈ Q : j 6= m,m 6= n (7)

Equation (7) derives the traffic transmitted by a routing
and forwarding node in the physical layer of the network
topology.

ψm =
∑
o∈O

∑
n∈Nm

∑
i∈Q

im
onm

∀m ∈ Q : i 6= m,m 6= n (8)

Equation (8) derives the traffic received by a routing
and forwarding node in the physical layer of the network
topology.

ωm =
∑
o∈O

∑
n∈Nm

∑
j∈Q

∑
i∈Q

ij
wmn

∀m ∈ Q : i 6= j, i 6= m, j 6= m,m 6= n (9)

Equation (9) derives the traffic relayed by a routing
and forwarding node in the physical layer of the network
topology.

TNRP = µi
∑
i∈Q

(8i +9i +�i) (10)

Equation (10) derives the total network routing power
(TNRP) due to the routing function performed by routing
and forwarding nodes in the virtual layer. This represents any
additional power consumed by nodes that perform routing in
the logical layer.

TNFP =
∑
i∈Q

(φiTX i + ψiRX i + ωiRLi) (11)

Equation (11) determines the total network forwarding
power (TNFP) due to the forwarding function performed by
routing and forwarding nodes in the physical layer.

TXNP =
∑
i∈A

(φi + ωi)S + (r + ρ + %)E (12)

Equation (12) establishes the total other network power
(TXNP) for E-NetCoD which is measured by the power con-
sumed by active physical node/components in the network

topology. It comprises the power consumed by SOA switches
at compute nodes and the fixed operational power of electrical
switches in the composable DC.

4) TOTAL NETWORK POWER CONSUMPTION

TNPC = TNFP+ TNRP+ TXNP (13)

The total network power consumption (TNPC) is a sum of
the TNFP, TNRP and TXNP.

The model MILP is defined as follows:
Two distinct objective functions are considered for the

model to represent two distinct scenarios.
Objective 1:Maximize∑

s∈Y

∑
d∈Y :s6=d

Tsd (14)

Equation (14) is the first objective function that
maximizes the total throughput between all desired com-
municating nodes pairs in the composable DC. This objec-
tive function maximizes the total traffic exchanged between
selected routing and forwarding nodes in the DC. Note that
Tsd is a variable determined by the model under this scenario.
Objective 2:Minimize

TNPC (15)

Equation (15) is the second objective function. It min-
imizes the total network power consumed by routing and
forwarding the input traffic τsd over the corresponding net-
work topology under consideration. Hence, τsd is an input
parameter to the model in this scenario.
Subject to:

∑
j∈Q:i6=j

Tijsd −
∑

j∈Q:i6=j

Tjisd =


Tsd i = s
−Tsd i = d
0 otherwise

∀i ∈ Q,∀s, d ∈ Y : s 6= d (16)

Constraint (16) enforces flow conservation in the virtual
layer setup between electronic routing and forwarding nodes
in the composable DC. Note that forObjective 2, Tsd should
be replaced by τsd in (16).∑

s∈Y

∑
d∈Y :s6=d

Tijsd = ij

∀i ∈ Q,∀j ∈ Q : i 6= j (17)

Constraint (17) calculates the volume of traffic on each vir-
tual link provisioned between a pair of routing and forwarding
nodes in the virtual layer.∑

o∈O

∑
n∈Nm:m6=n

ij
omn −

∑
o∈O

∑
n∈Nm:m6=n

ij
onm

=


ij m = i
− ij m = j
0 otherwise

∀m ∈ N ,∀i, j ∈ Q : i 6= j (18)
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Constraint (18) enforces flow conservation in the physical
network topology between all nodes in the DC.∑

i∈Q

∑
j∈Q:i6=j

ij
omn = omn

∀o ∈ O,∀m ∈ N ,∀n ∈ Nm : m 6= n (19)

Constraint (19) calculates the volume of traffic on each
wavelength on a physical link in the network topology.

omn ≤ D
∀o ∈ O,∀m ∈ N , n ∈ Nm : m 6= n (20)

Constraint (20) is the capacity constraint of each wave-
length used on a physical link.∑

n∈Bm

∑
f ∈T

omnTof ≤ 1

∀o ∈ O,∀m ∈ A : m 6= n (21)∑
n∈Bm

∑
f ∈T

onmRof ≤ 1

∀o ∈ O,∀m ∈ A : m 6= n (22)

Constraint (21) ensures that each wavelength transmit-
ted by a compute node is transmitted once from that node
by an interface that is designed to emit that wavelength.
Constraint (22) ensures that each wavelength received by a
compute node is received once at an interface that is designed
to receive that wavelength.∑

n∈Bm:m6=n
omnTof +

∑
n∈Bm:m6=n

onmRof

= eofm
∀o ∈ O,∀f ∈ T ,∀m ∈ A (23)

Constraint (23) ensures that the same wavelength does
not flow in opposite directions at a given interface of a
compute node. This is required when bi-directional com-
munication is employed on the physical link that connects
each interface to the optical backplane and each interface
comprises an array of unique transceivers. Otherwise, it is not
required.

omn + onm = omn

∀o ∈ O,∀m ∈ A, n ∈ Bm : m 6= n (24)

Constraint (24) ensures that same wavelength does not
flow in opposite directions in a physical link on each rack’s
optical backplane. This constraint implements bi-directional
communication on the passive intra-rack backplane. It is not
required when unidirectional communication is implemented
on the passive intra-rack backplane.

B. MILP MODEL FOR EO-NETCOD
In contrast to E-NetCoD, some network constraints must be
revised to represent EO-NetCoD in a MILP model while oth-
ers must be introduced. Consequently, additional set, param-
eter and variables are introduced while others are revised

as given below. The additional set enable the representa-
tion of revised nodes when EO-NetCoD is implemented.
A hybrid inter-rack network is created via the adoption of
optical switches to replace electrical leaf and spine switches.
The hybrid inter-rack network comprises all nodes that are
connected directly to any optical switch in the physical net-
work topology. Such nodes include compute nodes, optical
switches, and DC gateway switch. The additional variables
enable representation of traffic routing over EO-NetCoD.

1) REVISED AND ADDITIONAL SETS AND PARAMETER

Q Set of all routing and forwarding nodes
Q = Y = A ∪ G

N Set of all nodes N = X ∪ A ∪ G
Nm Set of all neighbor nodes of node m ∈ N ,Nm ⊆ N
X Set of optical switches ,X ⊆ N
Hm Set of all neighbor nodes of node m ∈ N ;Hm ⊆ N

which are part of the hybrid inter-rack network.
κ Cost associated with each path provisioned in an

optical switch in Watt

2) ADDITIONAL VARIABLES

ij Volume of traffic on virtual link (i, j),
i ∈ Q, j ∈ Q, that traverses intra-rack network.

oij Volume of traffic using wavelength o ∈ O on a
virtual link (i, j), i ∈ Q, j ∈ Q, that traverses the
hybrid inter-rack network.

Loij Loij = 1 if oij > 0. Otherwise, Loij = 0,
o ∈ O, i ∈ Q, j ∈ Q : i 6= j

xomxn The configured switching matrix of an optical
switch. xomxn = 1 if the wavelength o ∈ O from
node m ∈ Hx enters optical switch x ∈ X and is
relayed to node n ∈ Hx . Otherwise,
xomxn = 0.

d ijomxn d ijomxn gives the traffic
ij
omx that enters optical

switch x ∈ X : x ∈ Hm from node m ∈ Hx and is
relayed to node n ∈ Hx on the hybrid inter-rack
network. o ∈ O,m ∈ N d ijomxn =

ij
omxxomxn

The EO-NetCoD comprises two intrinsic networks i.e., an
intra-rack network between routing and forwarding capable
compute nodes within the same rack and a hybrid inter-rack
network enabled by the deployment of optical switches in
a leaf-spine topology. Point-to-point light-paths are setup
between routing and forwarding nodes over the physical links
of the hybrid inter-rack network. The passive nature of the
optical switches after path configuration implies that the opti-
cal switches are only aware of directly connected neighbors
on the hybrid inter-rack network.

The TXNP for EO-NetCoD can be measured by the power
consumed by active physical node/components in the net-
work topology. It comprises the power consumed by SOA
switches at compute nodes, the fixed operating power of
optical and electrical switches and the cost of setting up
optical paths in each optical switch in the composable DC.
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It is derived as by (25).

TXNP =
∑
i∈A

(φi + ωi)S + (r + ρ)X + %ε

+κ

∑
o∈O

∑
x∈X

∑
m∈Hx

∑
n∈Hx

xomxn

 (25)

Given the traffic demand Tsd or τsd in the DC, virtual
links ij are setup between routing and forwarding nodes
in the DC to efficiently route traffic over the network
topology as seen earlier in (16) and (17). However, a vir-
tual link ij between two routing and forwarding nodes in
EO-NetCoD can traverse the intra-rack network and/or the
hybrid inter-rack network. As a result, (18) is no longer
applicable in such a setup. To accommodate such a unique
setup in the MILP model, the following network constraints
are introduced.

ij +
∑
o∈O

oij = ij

∀i ∈ Q,∀j ∈ Q : i 6= j (26)

Constraint (26) ensures that the volume of traffic on virtual
link ij is equal to the sum of traffic sent via the intra-rack
network and the hybrid inter-rack network. This is because
the virtual link can be routed via the intra-rack network or/and
via the inter-rack network.∑

o∈O

∑
n∈Am:m6=n

ij
omn −

∑
o∈O

∑
j∈Am:m6=n

ij
onm

=


ij m = i

− ij m = j

0 otherwise

∀i, j ∈ Q : s 6= d∀m ∈ A (27)

Constraint (27) enforces flow conservation in physical
links of the intra-rack network of each rack in the DC.∑

n∈Hm:m6=n

ij
omn −

∑
n∈Hm:m6=n

ij
onm

=


oij m = i
− oij m = j
0 otherwise

∀m ∈ N ,∀i, j ∈ Q : i 6= j,∀w ∈ W (28)

Constraint (28) enforces flow conservation in physical
links of the hybrid inter-rack network in the DC. It also
enforces wavelength continuity on each light-path created
between two nodes in the inter-rack network.

oij ≥ Loij
∀o ∈ O,∀i ∈ Q, j ∈ Q : i 6= j (29)

oij ≤ QLoij
∀o ∈ O,∀i ∈ Q, j ∈ Q : i 6= j (30)

Constraints (29) and (30) jointly derive the state of all
potential light-paths that can traverse the hybrid inter-rack
network. ∑

j∈Q

Loij ≤ 1

∀o ∈ O,∀i ∈ A : i 6= j (31)

Constraint (31) ensures that a wavelength is used to setup
a single light-path from a given compute node. Hence,
the wavelength must not be used more than once on any
light-path originating at this compute node. Note that the
gateway switch is permitted to use a given wavelength on
different light-paths if network routing constraints are not
violated. This is because a sophisticated network switch is
assumed. Multiple links emanate from the gateway switch
i.e., path diversity is employed; hence, the risk of wavelength
collision is mitigated since a wavelength can be re-used on
disjoint links.

3) OPTICAL NETWORK ROUTING CONSTRAINTS∑
n∈Hx

xomxn ≤ 1

∀o ∈ O,∀x ∈ X ,m ∈ Hx (32)∑
m∈Hx

xomxn ≤ 1

∀o ∈ O,∀x ∈ X , n ∈ Hx (33)

Constraint (32) ensures that an ingress wavelength to an
optical switch from a given neighbor node of the optical
switch is relayed to at most one neighbor node of that optical
switch. Constraint (33) ensures that an egress wavelength
from an optical switch, which is relayed to a neighbor node of
the optical switch, entered the switch from only one neighbor
node of the optical switch. This avoids wavelength collision
at a given output port of the optical switch. Both (32) and
(33) implement a passive switching matrix for a configurable
optical switch.

d ijomxn ≤
ij
omx

∀o ∈ O,∀i, j ∈ Q,∀x ∈ X ,∀m, n ∈ Hx (34)

d ijomxn ≤ Dxomxn
∀o ∈ O,∀i, j ∈ Q,∀x ∈ X ,∀m, n ∈ Hx (35)

d ijomxn ≥
ij
omx −D(1− xomxn)

∀o ∈ O,∀i, j ∈ Q,∀x ∈ X ,∀m, n ∈ Hx (36)

Constraints (34)-(36) linearize the derivation of continuous

variable d ijomxn which includes a product of a continuous
variable and a binary variable as shown in (37).

d ijomxn =
ij
omxxomxn

∀o ∈ O,∀i, j ∈ Q,∀x ∈ X ,∀m, n ∈ Hx (37)

Constraint (37) ensures that the traffic that enters an optical
switch is relayed according to the path configuration of the
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optical switch.

ij
omx =

∑
m∈N :m∈Hx

d ijomxn

∀o ∈ O,∀i, j ∈ Q,∀x ∈ X ,∀n ∈ Hx (38)

Constraint (38) allows optical switches to route traffic
passively over the hybrid inter-rack network. This is achieved
by ensuring that the traffic that enters an optical switch from a
given neighbor node is relayed to the appropriate output port
of the optical switch as specified by the configured routing
matrix of the switch.

C. MILP MODEL FOR AOPD-DCN
A similar approach taken to emulate optical switches in the
MILP model for EO-NetCoD can be adopted to emulate
the optical switches deployed in AOPD-DCN. Additionally,
to simplify model formulation we assume that the ToC (AoD)
switches in AOPD-DCN are always configured to perform
OCS. The inter-cluster AoD switch is setup to perform OPS
and forwarding. Since, no limitation is specified for inter-
faces and bi-directional communication is not considered,
(21) - (24) are not applicable in the intra-rack network of
AOPD-DCN. In addition to other network constraints from
Section IV.A and IV.B the following constraints are required
to represent AOPD-DCN as MILP model.∑

n∈Hm:m6=n
omn ≤ 1

∀o ∈ O,∀m ∈ A (39)

Constraint (39) ensures that a given wavelength from a
compute node is transmitted only once by that compute node
on the inter-rack network.∑

n∈Hm:m6=n
onm ≤ 1

∀o ∈ O,∀m ∈ A (40)

Constraint (40) ensures that a given wavelength received
from any neighbor node of a given compute node on the
inter-rack network is received only once at the compute node.∑

o∈O
omn ≤ D

∀m ∈ A,∀n ∈ Am (41)

Constraint (41) is the capacity constraint of the point-to-
point physical link between two compute nodes in the same
rack. Where D is the maximum transmitting and receiv-
ing capacity supported on the point-to-point physical link
between nodes on the intra-rack backplane.

D. NETWORK SETUP AND INPUT PARAMETER
We compare the performance of both variants of NetCoD
to AOPD-DCN in the small cluster of a composable DC
depicted in Fig. 1 and Fig. 4. The cluster comprises 3 racks,
each rack holds 4 compute nodes and a ToR switch. Each
compute node performs network routing and forwarding

functions along with wavelength selection. The ToR switches
of both variants of NetCoD are connected to two spine
switches at the top of the cluster. The spine switches sub-
sequently connect to the gateway switch for inter-cluster
and inter-DC communications. However, as shown in Fig. 1,
physical connectivity is slightly different in the inter-rack
network of AOPD-DCN. ToR switches connect to a sin-
gle ToC switch that is configured to perform OCS between
adjacent racks in the cluster. The ToC switch subsequently
connects to inter-cluster switch, which provides inter-cluster
communication in the composable DC, in the upper tier. The
inter-cluster switch is setup to perform packet routing and
forwarding as done by the electrical gateway switch in both
variants of NetCoD. In all evaluation scenario, the use of
multiple links between two switches to achieve path diversity
is not implemented or modelled to ensure simplicity. This
assumption is practical in this evaluation scenario because
a small cluster is considered. A composable DCs with more
and bigger clusters would require the implementation of path
diversity between network switches for robustness and to
increase network capacity.

The load proportional energy per bit values of DCN
tiers is given in Table 1 along with the operating power
consumption of electrical and optical network components.
We adopt the energy per bit values predicted for on-board,
intra-rack and inter-DC tiers of next generation DCNs as
given in [33]. However, because it is expected that the elec-
trical ToR/ToC switch will be relatively more complex than
the NCH but less complex than the DC gateway switch,
the inter-rack energy per bit value suggested in [33] is not
suitable in our setup. Hence, we conservatively assume that
the energy per bit value for each electrical switch in the
leaf-spine-layers of the inter-rack network is 5 pJ/b in all
evaluation scenarios to reflect the relative difference in DCN
tier complexity. The typical operating (idle) power of all
electrical switches in the all-network topologies considered
is 312 W [34].

TABLE 1. Network input parameters.

The NCH has two functions. Firstly, it must convert the
electrical data streams to an appropriate optical wavelength
and transmit this data i.e., the forwarding function. The asso-
ciated power consumption is typically 1 pJ/b [33]. Secondly,
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the NCH must also compute the route to the destination and
configure the SOA-based switches and set up the path. It is
assumed here that these operations consume an equal amount
of power in the NCH. Spreading this power consumption
between all the data streams and wavelengths handled by
the NCH leads to a power consumption of 1 pJ/b for path
computation and setup. It should be noted that this choice
is on the pessimistic side as the path computation tasks can
consume much lower power if for example look up tables are
used. Similarly, it is also conservatively assumed that path
computation and setup functions performed by all electrical
switches also leads to a power consumption of 1 pJ/b.

We adopt 100 Gbps for single wavelength transmission
in the network topology given recent practical demonstra-
tion of such lane rate [32]. We expect even greater single
wavelength lane rate for short reach inter-connects in the
future as optical technologies advance [36]. To simplify the
evaluation scenario, it is assumed that each interface, which
is integrated with the NCH of a compute node, can emit
4 distinct wavelengths. Hence, a maximum 8 wavelength is
supported under both variants of NetCoD. For fair compari-
son, it is also assumed that the interface used by each compute
node in AOPD-DCN to connect to the inter-rack network
also supports 8 wavelengths. Hence, enabling 800 Gbps link
from each compute node to the ToR switch. Additionally,
it is assumed that each interface connected to the intra-rack
backplane of AOPD-DCN can transmit or receive four wave-
lengths in parallel at 100 Gbps lane rate i.e., D = 400Gbps.
Hence, representing a 400 Gbps transceiver.

The low-energy SOA switch proposed in [37] which has
an energy per bit of 15.8 pJ/b at 10 Gbps per single wave-
length data rate is adopted to implement the integrated opti-
cal switch at each compute node. Since, 100 Gbps single
wavelength data rate is adopted, the energy per bit of the
SOA switch reduces by a factor of 10 at this data rate.
As in AOPD-DCN, low power and configurable wavelength
selective switches (WSSs) are selected as optical switches
in EO-NetCoD. Each WSS has a typical operating power
consumption of 50 W [35]. It is important to note that similar
network setup and input parameters given in this sub-section
are adopted in other sections of this paper.

E. PERFORMANCE EVALUATION
1) MAXIMUM THROUGHPUT
Under this scenario, Objective 1 of (14) is adopted to
maximize the throughput of all network topologies being
evaluated. The results in Table 2 show that the maximum
throughput obtained under bi-directional and unidirectional
communication is equal under both variant of NetCoD. All
nodes are transmitting at maximum capacity of 800 Gbps.
This also confirms that interface constraints are the primary
factor that determines the maximum throughput achievable.
Hence, to increase total throughput, the number of wave-
lengths supported by compute nodes’ interfaces in both vari-
ants of NetCoDmust be increased. Adoption of unidirectional

TABLE 2. Maximum throughput of network topologies.

communication paths may also be explored to increase net-
work throughput. However, relative to the adoption of unidi-
rectional communication within each rack, results obtained
when bi-directional communication is adopted within each
rack in the DC is comparable. Hence, given appropriate intel-
ligence in both variants of NetCoD, the size of the intra-rack
backplane can be effectively halved via the adoption of
bi-directional communication over a single optical link.

AOPD-DCN is also limited by interface constraints since
direct point-to-point communication between compute nodes
is limited to 400 Gbps. However, compute nodes also utilize
the capacity of the inter-rack network to increase the over-
all throughput. Consequently, the maximum throughput of
AOPD-DCN is greater than the throughput of both variants of
NetCoD. The maximum transmitting and receiving capacity
of the inter-cluster switch of AOPD-DCN is limited because
a single fiber connects the ToC switch to the inter-cluster
switch in the DC as shown in Fig. 1. Hence, the maximum
transmitting and receiving data rate of the inter-cluster switch
is capped at 800 Gbps because only limited unique (8) wave-
lengths are supported in the network. This limitation is easily
remedied by deploying parallel optical links between the
inter-cluster switch and the ToC switch in the AOPD-DCN.
The adoption of a leaf-spine topology in the inter-rack of
EO-NetCoD mitigates such limitation since path diversity
is an inherent feature of the leaf-spine physical topology.
Hence, the maximum transmitting and receiving capacity of
DC gateway switch is doubled relative to that of the
inter-cluster switch of AOPD-DCN.

2) ENERGY EFFICIENT NETWORK LOAD TEST
We further evaluate and compare the performance of both
variants of NetCoD with that of AOPD-DCN by performing
energy efficient network load test. The network load test
considers the routing and forwarding of input traffic (τsd )
between nodes in the composable DC. A non-uniform traffic
distribution is considered between routing and forwarding
nodes in the DC. Load between 80 Gbps and 720 Gbps
are considered to represent 10% to 90% utilization of each
compute node’s maximum throughput when a variant of
NetCoD is deployed. Equation (42) gives the non-uniform
traffic distribution (TD); where Nodes A, B, C and D are
compute nodes in the same rack; Node R is a randomly
selected compute node in a rack that is remote relative to
Nodes A-D; and Node G is the gateway switch of the DC.
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We consider a scenario where intra-rack, inter-rack and
north-south traffics accounts for 80%, 15% and 5% of each
node’s traffic in both directions respectively as given in (42).
Such traffic distribution pattern is adopted because it is
expected that the intra-rack traffic will be the dominant traffic
within each rack in the rack-scale composable DC being
considered, followed by inter-rack traffic. It is expected that
north-south traffic will have the lowest percentage based on
the de facto knowledge that the majority of DCN traffic is
within the DC while north-south traffic accounts for a small
percentage of the total traffic in the DCN.

TD =



Node A B C D R G
A 0 0.7 0.1 0 0.15 0.05
B 0 0 0.7 0.1 0.15 0.05
C 0.1 0 0 0.7 0.15 0.05
D 0.7 0.1 0 0 0.15 0.05
R 0.15 0.15 0.15 0.15 0 0.05
G 0.05 0.05 0.05 0.05 0.05 0


(42)

Equation (43) derived the input traffic τsd to the
MILP model by multiplying the load by the traffic
distribution.

τsd = Load TD (43)

Given the input traffic τsd the energy efficiency load test
is performed by adopting Objective 2 of (15) to minimize
the TNPC as input traffic is routed and forwarded over all
network topologies being evaluated. The results in Fig. 5(a)
show that comparable TNRP is incurred under all network
topologies considered. However, marginally higher TNRP
is consumed under AOPD-DCN because additional routing
intelligence is required to avoid wavelength collision on
the link that connects the ToC switch to the inter-cluster
switch. Introducing path diversity in the inter-rack network
can mitigate such limitations. The inherent path diversity of
the leaf-spine physical architecture adopted in the inter-rack
network of EO-NetCoD implies that such limitations are
mitigated. However, the problem remains a concern. Hence,
in a large deployment scenario, adoption of multiple links
between switches of the inter-rack network is recommended
to further leverage on path diversity via spatial multiplexing.
It is important to note that the introduction of additional
links between switches to achieve diversity in a practical
deployment could also enhance load balancing and improve
capacity and resilience. Generally, the TNFP consumed by
EO-NetCoD is comparable to that of AOPD-DCN as illus-
trated in Fig. 5(b).While the TNFP increases drastically when
the E-NetCoD is considered because of the electrical switches
used in the network topology.

As expected, the power consumed by the SOA-based
switch grows proportionally with the network loads under
both variants of NetCoD as illustrated in Fig. 6(a). This is
because load proportional power profile is adopted for the
integrated optical switches. AOPD-DCN does not employ
SOA switches, hence, SOA switch power is zero for that

FIGURE 5. Routing and forwarding power of network topologies.

network topology. Furthermore, AOPD-DCN has the low-
est total switch operational power (TSWOP) as shown
in Fig. 6(b), because it uses one less optical switch than
EO-NetCoD. On the other hand, Fig. 6(b) also shows that
E-NetCoD has the highest TSWOP because it requires
6 active electrical switches. Each active electrical switch has
a corresponding operating power consumption.

V. MILP FOR ENERGY EFFICIENT VMS PLACEMENT
A MILP model that minimizes total compute power
consumption, TNPC, and VM rejection in a rack-scale com-
posable DC is given in this section. This MILP model
extends the model given in Section IV. It adds compute
related sets, parameters, variables, and constraints to those
of the network. Like Section IV, AOPD-DCN, E-NetCoD
and EO-NetCoD network topologies are adopted in the
rack-scale composable DC. Furthermore, the MILP model
also evaluates the performance of various forms of dis-
aggregation in a rack-scale composable DC over differ-
ent networks. Given a specific network topology and the
resource demand template of each VM, the model selects
the optimum placement for compute resources requested by
each VM to ensure the minimization of the total compute
power consumption, TNPC and the number of rejected VMs.
The MILP model constraints include resource capacity con-
straints and resource locality constraints in addition to net-
work constraints from Section IV. The compute related sets,
parameters and variables of the MILP model are given as
follows.
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FIGURE 6. Switch load proportional and operating power of network
topologies.

A. COMPUTE RELATED SETS AND PARAMETERS

C Set of CPU resource components
M Set of memory resource components
S Set of storage resource components
R Set of DC racks
Cj Capacity of CPU component j ∈ C
IC Idle power as a fraction of maximum CPU power

consumption
CPj Maximum power consumption of CPU

component j ∈ C
1Cj Power factor of CPU component j ∈ C ;

1Cj =
CPj−IC ·CPj

Cj
; in W/GHz

Mj Capacity of memory component j ∈ M
IM Idle power as a fraction of maximum memory

power consumption
MPj Maximum power consumption of memory

component j ∈ M
1Mj Power factor of memory component j ∈ M ;

1Mj =
MPj−IM ·MPj

Mj
; in W/GB

Sj Capacity of storage component j ∈ S
IS Idle power as a fraction of maximum storage

power
SPj Maximum power consumption of storage

component j ∈ S
1Sj Power factor of storage component j ∈ S;

1Sj =
SPj−IS·SPj

Sj ; in W/GB

CN jn CNjn = 1 if CPU j ∈ C is placed in node n ∈ N .
Otherwise CN jn = 0. Note that CPU
components can only be placed in compute nodes.

MN jn MN jn = 1 if RAM j ∈ M is placed in node n ∈ N .
OtherwiseMNjn = 0. Note that memory
components can only be placed in compute nodes

SNjn SN jn = 1 if hard disk drive (HDD) j ∈ S is placed
in node n ∈ N . Otherwise SNjn = 0. Note that
storage components can only be placed
in compute nodes

NRnr NRnr = 1, If node n ∈ N is placed in rack r ∈ R,
otherwise NRnr = 0

B. VM RELATED SETS AND PARAMETERS
V Set of virtual machines
VCv CPU demand of VM v ∈ V
VM v RAM demand of VM v ∈ V
VSv Storage demand of VM v ∈ V
CU v CPU to memory (RAM) traffic required by

VM v ∈ V
CDv Memory (RAM) to CPU traffic required by

VM v ∈ V
SUv CPU to storage traffic required by VM v ∈ V
SDv Storage to CPU traffic required by VM v ∈ V
IUv Uplink north-south traffic of VM v ∈ V
IDv Downlink north-south traffic of VM v ∈ V
Msd In-memory computing traffic from VM s ∈ V

to VM d ∈ V

VGvn VGvn = 1 denotes that node n ∈ G is the
gateway node for north-south traffic of VM v ∈ V

α Cost associated with a VM rejection.

C. VARIABLES
cvj cvj = 1 indicates that CPU demand of VM

v ∈ V is served by CPU j ∈ C . Otherwise,
cvj = 0

vj vj = 1 indicates that RAM demand of VM
v ∈ V is served by memory (RAM) j ∈ M .
Otherwise, vj = 0

vj vj = 1 indicates that storage resource demand
of VM v ∈ V is served by HDD j ∈ S. Otherwise,
vj = 0

cj cj = 1 if CPU j ∈ C is active.
Otherwise, cj = 0

mj mj = 1 if RAM j ∈ M is active. Otherwise,
mj = 0

sj sj = 1 if HDD j ∈ S is active. Otherwise, sj = 0
an an = 1 if compute node n ∈ A is active.

Otherwise, an = 0
r r = 1 if rack r ∈ R is active. Otherwise, r = 0

r Number of active racks in the composable DC
CMvsd CMvsd = 1 if CPU demand of VM v ∈ V is

placed in compute node s ∈ A and memory
demand of VM v ∈ V is placed in compute
node d ∈ A. Otherwise, CMvsd = 0.
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CSvsd CSvsd = 1 if CPU demand of VM v ∈ V is
placed in compute node s ∈ A and storage
demand of VM v ∈ V is placed in compute node
d ∈ A. Otherwise, CSvsd = 0.

zxysd zxysd = 1 if memory to memory (in-memory
computing) traffic exists from VM x ∈ V in
compute node s ∈ A to VM y ∈ V in
compute node d ∈ A. Otherwise, zxysd = 0.

IRsd Total inter-resource traffic from compute node
s ∈ A to compute node
d ∈ A due to VM demand placement.

EW sd Total east-west traffic from node s ∈ N to
node d ∈ N .

NSsd Total north-south traffic from node s ∈ N to
node d ∈ N .

Tsd Total traffic from node s ∈ N to node d ∈ N .
βv βv = 1 if VM v ∈ V is rejected. Otherwise,

βv = 0.
β Total number of rejected VMs

Certain variables in theMILPmodel are derived from other
variables. These linear derivations form part of the linear
constraints required in the MILP model. Such variables are
derived as follows:

βv = 1−
∑
j∈C

cvj

∀ v ∈ V (44)

Equation (44) derives the state of a VM using knowledge
of the placement of the workload’s CPU demand in any
CPU component in the composable DC.∑

v∈V

cvj ≥ cj

∀j ∈ C (45)∑
v∈V

cvj ≤ Qcj

∀j ∈ C (46)∑
v∈V

vj ≥ mj

∀j ∈ M (47)∑
v∈V

vj ≤ Qmj

∀j ∈ M (48)∑
v∈V

vj ≥ sj

∀j ∈ S (49)∑
v∈V

vj ≤ Qsj

∀j ∈ S (50)

Equations (45) – (50) derive the state of CPU, memory, and
storage components. The state of each resource component
depends on the utilization of each resource type to satisfy
resource demands of any active VM.

Total CPU power consumption (TCPC) in the DC is
derived as follows.

TCPC =
∑
j∈C

(
IC CPj cj +

∑
v∈V

1Cj cvj VCv

)
(51)

Total memory power consumption (TMPC) in the DC is
derived as follows.

TMPC =
∑
j∈M

(
IM MPj mj +

∑
v∈V

1Mj vj VMv

)
(52)

Total storage power consumption (TSPC) in the DC is
derived as follows.

TSPC =
∑
j∈S

(
IS SPj sj +

∑
v∈V

1Sj vj VSv

)
(53)

Total compute power consumption (TComPC) in the DC
is derived as follows.

TComPC = TCPC + TMPC + TSPC (54)

D. DERIVED NETWORK VARIABLES∑
v∈V

∑
c∈C

cvc CNjn+
∑
v∈V

∑
m∈M

vm MNmn+
∑
v∈V

∑
s∈S

vs SNsn ≥ an

∀n ∈ A (55)∑
v∈V

∑
c∈C

cvc CNjn+
∑
v∈V

∑
m∈M

vm MNmn+
∑
v∈V

∑
s∈S

vs SNsn ≤ Qan

∀n ∈ A (56)

Equations (55) and (56) derive the state of each compute
node based on the use of CPU, memory, or storage resource
in that compute node to satisfy the resource demand of
any VM. ∑

n∈A

anNRnr ≥ r

∀r ∈ R (57)∑
n∈A

anNRnr ≤ Q r

∀r ∈ R (58)

Equations (57) and (58) derive the state of each rack based
on the state of compute nodes in that rack.

r =

∑
r∈R

r (59)

Equation (59) derives the number of active racks in the DC.

CMvsd ≤
∑
c∈C

cvc CNcs

∀v ∈ V , s ∈ N , d ∈ N (60)

CMvsd ≤
∑
m∈M

vm MNmd

∀v ∈ V , s ∈ N , d ∈ N (61)

CMvsd ≥
∑
c∈C

cvc CNcs +
∑
m∈M

vm MNmd − 1

∀v ∈ V , s ∈ N , d ∈ N (62)
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Equations (60) - (62) implement the product of two derived
binary variables as illustrated in (63).

CMvsd =
∑
c∈C

cvc CNcs
∑
m∈M

vm MNmd

∀v ∈ V , s ∈ N , d ∈ N (63)

Equation (63) derives CMvsd which gives the compute
nodes where the CPU and memory resource demands of
VM v ∈ V are placed.

CSvsd ≤
∑
c∈C

cvc CNcs

∀v ∈ V , s ∈ N , d ∈ N (64)

CSvsd ≤
∑
n∈S

vn SNnd

∀v ∈ V , s ∈ N , d ∈ N (65)

CSvsd ≥
∑
c∈C

cvc CNcs +
∑
n∈S

vn SNnd − 1

∀v ∈ V , s ∈ N , d ∈ N (66)

Equations (64) - (66) implement the product of two derived
binary variables as illustrated in (67).

CSvsd =
∑
c∈C

cvc CNcs
∑
n∈S

vn SNnd

∀v ∈ V , s ∈ N , d ∈ N (67)

Equation (67) derives CSvsd which gives the compute
nodes where the CPU and storage resource demands of VM
v ∈ V are placed.

zxysd ≤
∑
m∈M

xm MNms

∀x, y ∈ V , s ∈ N , d ∈ N (68)

zxysd ≤
∑
m∈M

ym MNmd

∀x, y ∈ V , s ∈ N , d ∈ N (69)

zxysd ≥
∑
m∈M

xm MNms +
∑
m∈M

ym MNmd − 1

∀x, y ∈ V , s ∈ N , d ∈ N (70)

Equations (68) - (70) implement the product of two derived
binary variables as illustrated in (71).

zxysd =
∑
m∈M

xm MNms
∑
m∈M

ym MNmd

∀x, y ∈ V , s ∈ N , d ∈ N (71)

Equation (71) derives zxysd which gives a VM pair (x, y)
that exchanges in-memory computing traffic via memory-
to-memory communication and the corresponding com-
pute nodes (s and d) where the memory components,

which supports memory demand of each VM in the pair,
are placed.

IRsd =
∑
v∈V

(CMvsd CU v + CMvds CDv

+CSvsd SUv + CSvds SDv)
∀s, d ∈ A (72)

Equation (72) derives IRsd which is the inter-resource traf-
fic between node s ∈ N and node d ∈ N . Resource locality
constraints (described later) ensure that nodes s and d are
always in the same rack. Furthermore, resource allocation
ensures that source and destination nodes (s and d) are com-
pute nodes.

EWsd =
∑
x∈V

∑
y∈V :x 6=y

zxysd Mxy

∀s, d ∈ A (73)

Equation (73) derives EW sd which is the east-west traffic
between memory components because of the placement of
memory demands of VMs.

NSsd =
∑
v∈V

∑
c∈C

(cvc CNcs IUv VGvd + cvc CNcd IDv VGvs)

∀s, d ∈ Y (74)

Equation (74) derives NSsd which is the north-south traffic
from node s ∈ Y to node d ∈ Y in the DC. Note that the
source of south-bound traffic is a gateway switch in the DC.
A gateway switch is also the destination of north-bound traffic
in the DC.

Tsd = IRsd + EWsd + NSsd
∀s, d ∈ Y (75)

Equation (75) derives the traffic demand to be routed and
forwarded over the composable DC network.

TOBP =
∑
s∈A

∑
d∈A:s=d

2IRsd OB

+

∑
s∈A

∑
d∈Y :s6=d

Tsd OB

+

∑
d∈A

∑
s∈Y :s6=d

Tsd OB (76)

Equation (76) derives the total on-board power (TOBP)
consumption due to the traversal of the on-board fabric by
internal, ingress and egress traffic of all compute nodes.

Equation (77) gives the modified TNPC that includes
the TOBP.

TNPC = TNFP+ TOBP+ TNRP+ TXNP (77)

The model for energy efficient placement of VM in rack-
scale composable DC is defined as follows:

Objective 3: Minimize

TComPC + TNPC + αβ (78)
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Equation (78) is the objective of the model for energy
efficient placement of VMs in rack-scale composable DC.
It minimizes the total compute and network power consump-
tion and the number of rejected VMs. α is the cost (measured
inWatt) associated each rejectedVM. α �1 denotes that high
cost is associated with each rejected VM.

Subject to:
Compute constraints∑

j∈C

cvj ≤ 1

∀v ∈ V (79)∑
j∈C

cvj =
∑
j∈M

vj

∀v ∈ V (80)∑
j∈C

cvj =
∑
j∈S

vj

∀v ∈ V (81)

Constraints (79) to (81) limit the maximum number of
nodes that can host CPU, memory, and storage demand of
a VM to one. This is because neither replication nor slic-
ing of workloads is permitted. The constraints also permit
VM rejection in scenarios where resource capacity is limited.
The constraints ensure that the VM is fully embedded.∑

n∈N

∑
j∈C

cvj CNjn NRnr =
∑
n∈N

∑
j∈M

vj MNjn NRnr

∀v ∈ V , r ∈ R (82)∑
n∈N

∑
j∈C

cvj CNjn NRnr =
∑
n∈N

∑
j∈S

vj SNjn NRnr

∀v ∈ V , r ∈ R (83)

Constraints (82) and (83) are the locality constraints of
rack-scale composable DC. They ensure that CPU, memory,
and storage components used to provision a given VM are in
the same rack but not necessarily in the same compute node.∑

v∈V

VCv cvj ≤ Cj

∀j ∈ C (84)∑
v∈V

VMv vj ≤Mj

∀j ∈ M (85)∑
v∈V

VSv vj ≤ Sj

∀j ∈ S (86)

Constraints (84) - (86) denote resource capacity constraints
for each CPU, memory, and storage components. These
equations also ensure that a compute resource’s capacity is
conserved.

VI. ENERGY EFFICIENT PLACEMENT OF VMS
Using the combined MILP models from Section IV and
Section V, energy efficient placement of VMs in rack-scale
composable DCs is studied. Rack-scale DCs that implement

logical, hybrid and physical disaggregation are considered
when a zero-cost-and-un-capacitated network and non-zero-
cost-and-capacitated networks (i.e., AOPD-DCN, E-NetCoD
or EO-NetCoD) are deployed. Two classes of CPU, memory,
and storage components (illustrated in Table 3) are considered
to reflect the heterogeneity of compute resources deployed
in production DCs. To study the performance of all network
topologies within a rack, a composable DC with a single rack
is considered in this section. Allocated to the single rack are
8 CPU, 8 memory and 8 storage components which are dis-
tributed into compute nodes according to the disaggregation
approach adopted as shown in Fig. 7.

TABLE 3. Compute component capacity and peak power.

FIGURE 7. Resource disaggregation of single rack. The figure shows
logical, hybrid and physical disaggregation of compute resources in a
rack.

There are eight heterogeneous compute nodes in the sin-
gle rack of a logically disaggregated composable DC and
each heterogeneous compute node comprises one CPU, one
memory and one storage component as shown in Fig. 7(a).
The single rack comprises 10 compute nodes when hybrid
disaggregation is adopted in the DC as shown in Fig. 7(b).
Compute nodes 1 – 4 are heterogeneous nodes, each compris-
ing of one CPU, one memory and one storage component.
Compute nodes 5 – 10 are homogenous, each homogenous
node comprises two CPU or two memory or two storage
components of the same component class. The single rack in
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a physically disaggregated DC comprises 12 homogenous
compute nodes and each compute node comprise of two CPU
or two memory or two storage components from the same
class as shown in Fig. 7(c). Because the MILP model’s com-
plexity grows as the number network nodes increases, we fur-
ther simplify the MILP model in single rack scenario by
excluding spine switches or ToC switches from correspond-
ing network topologies. A scenario where the ToR switch is
connected directly to the DC gateway switch is considered.
Furthermore, the network parameters from Section IV.D are
adopted in this section.

Since, the complexity of the model also grows with the
number of VMs and size of the composable DC, only few
VMs are considered for placement in the single rack.We con-
sider 12 input VMs with a mix of compute demand inten-
sity as illustrated in Table 4. Furthermore, the data rate of
each VM’s CPU-memory communication, CPU-disk com-
munication and north-south communication are as also given
in Table 4. Traffic demands of VMs in Table 4 are gen-
erated via uniform distribution of total CPU-memory traf-
fic, CPU-storage traffic, and CPU-IO traffic over specific
ranges. VMs are clustered into in-memory communication
groups (IMCG), as illustrated in Table 4, to represent sets
of related VMs in conventional DCs. Each set of related
VMs have one-to-one, one-to-many, many-to-many, or mixed
in-memory computing traffic patterns between the appli-
cations of the group. The range of in-memory computing
traffic between two VMs in the same group is 5 Gbps
to 40 Gbps.

TheMILPmodel is solved using the 64-bit AMPL/CPLEX
solver on the ARC3 supercomputing node in University of
Leeds with 24 CPU cores and 128 GB of memory [38].
Our analysis of results from the model focuses on metrics
such as total computing power consumption, total network
power consumption, number of active compute components,
average active compute component utilization and network
available throughput utilization. To obtain optimal results,
it turns out that the MILP model bin-packs VMs compute
demands into compute components to achieve optimal power
and utilization efficiencies within compute capacity con-
straints and network constraints.

A. ZERO-COST-AND-UN-CAPACITATED NETWORK
Under this scenario, energy efficient placement of VMs is
performed in rack-scale DCs that employ logical, physical or
hybrid disaggregation over an un-capacitated-and-zero-cost
network. The zero-cost-and-un-capacitated network has no
network capacity constraints, and zero power is consumed
because of traffic forwarding and routing over the network.
The results in Fig. 8, and Fig. 9 show that all disaggregation
approaches achieved optimal efficiencies as compute com-
ponents are utilized based on available capacity and energy
efficiency. VM compute demands are bin-packed into CPU,
memory, and storage components to avoid VM rejection and
to achieve optimal energy efficiency under the corresponding
form of disaggregation employed in the rack.

TABLE 4. VM compute and network demands.

Since any form of network cost is absent under this sce-
nario, optimal compute energy efficiency is achieved under
all forms of disaggregation employed in the single rack.
Hence, the utilization of active compute components is max-
imized within the component’s available capacity and their
corresponding energy efficiency. Fig. 8(a) shows that equal
number of CPU, memory and storage components are acti-
vated under all forms of disaggregation employed in the DC.
While all (8) CPU and memory components in the rack are
activated to prevent VM rejection, only 6 storage components
are activated. This is because the storage demands of VMs as
given in Table 4 are less intensive relative to the capacity of
storage components considered. Hence, to promote greater
energy efficiency, consolidation of storage demands into
320 GB storage components is preferred while fewer 250 GB
storage components are activated as shown in Fig. 8(a). This
is because the 320 GB storage component is more energy
efficient than the 250 GB storage component as it can support
higher capacity at the same peak power consumption as the
250 GB storage component.

Furthermore, equal average active compute component
utilization is obtained when all forms of disaggregation are
employed in the rack-scale DC as shown in Fig. 8(b). As a
consequent of optimal utilization of CPU, memory, and stor-
age components under all forms of disaggregation employed
in the rack, equal TCPC, TMPC and TSPC are also obtained
under all disaggregation types considered as shown in Fig. 9.
An important observation is that having obtained the same
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FIGURE 8. Number and average utilization of active compute components
under zero-cost-and-un-capacitated network.

FIGURE 9. Total compute power consumption under
zero-cost-and-un-capacitated network.

results under all disaggregation approaches does not always
imply that the placement of VM compute demands is also the
same under different forms of disaggregation. Hence, as is the
case in our scenarios, different VM placements may achieve
the desired optimal performance if the compute component
capacity constraint is satisfied. The results obtained under
this scenario demonstrate the efficacy of all forms of dis-
aggregation to achieve optimal efficiency when an arbitrary
un-capacitated-and-zero-cost network is available. However,
it is expected that the results will change when network
constraints and cost are present in the composable DCs.

B. NON-ZERO-COST-AND-CAPACITED NETWORKS
A non-zero-cost-and-capacitated network is a network with
non-zero-power consumption and network capacity con-
straints. As defined in the objective function of the MILP
model, there are three primary factors that influence place-
ment of VM demands in non-zero-cost networks. These
are VM rejection, compute energy efficiency and TNPC.
However, because a high cost is associated with the rejec-
tion of all VMs in the DC, rejection of VMs is strongly
discouraged. Hence, to achieve optimal results when a
non-zero-cost-and-capacitated network is employed in the
rack-scale DC, best-effort will be made to prevent VM rejec-
tion while trade-offs between compute energy efficiency and
network energy efficiency are also considered. Placement
of VM demands is also expected to be constrained by both
compute and network constraints stated in the MILP model.

1) LOGICAL DISAGGREGATION
When logical disaggregation is considered in the rack-scale
composable DC, similar VM placement is replicated for all
network topologies considered. Hence, the optimal place-
ment of VM demands does not change with the network
topology that is adopted. However, relative to the zero-cost-
and-un-capacitated network, the placement of VMs when
AOPD-DCN, E-NetCoD or EO-NetCoD is deployed is sub-
optimal. This is because of the presence of network con-
straints and the introduction of network power consumption.
Even though, the resulting traffic matrix generated under
un-capacitated-and-zero-cost network can be routed via
AOPD-DCN, the additional network power that must be con-
sumed to achieve the same compute energy efficiency as the
zero-cost network scenario outweighs the potential benefits
that could be achieved. Therefore, an alternative VM place-
ment strategy is adopted when AOPD-DCN is deployed to
minimize TNPC. On the other hand, the resulting traffic
generated under the zero-cost-and-un-capacitated network
scenario is unrouteable by both variants of NetCoD because
of the interface capacity constraint at compute nodes. Hence,
an alternative VM placement strategy is required to satisfy
network constraints and to minimize TNPC when both vari-
ants of NetCoD are deployed.

A strategy that balances the trade-offs between compute
power consumption and TNPC is adopted to obtain optimal
placement. Energy efficient placement of CPU demands is
often given higher priority. Hence, CPU demands are con-
solidated (within resource capacity constraint as much as
possible) to achieved high utilization of active CPU compo-
nents. However, to ensure that TNPC is minimized, memory
demands of some VMs are placed in the same compute node
as the CPU demand. This strategy is strongly applied to
VMs that are known to have very high total CPU-to-memory
traffic. It is also applied to some VMs that are known to
have moderately high CPU-to-memory traffic, provided that
the capacity of the memory component in the corresponding
compute node is enough. Otherwise, the memory demands
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of such VMs are placed in different nodes to achieve lower
TMPC by ensuring high utilization of active memory com-
ponents. The memory demand of VMs that have low-medium
volume of total CPU-to-memory traffic are often provisioned
in memory components that are in a different compute node
from the CPU component that hosts the CPU demand. This
strategy is adopted to ensure high utilization of active mem-
ory components. Consequently, TMPC is also minimized.
The adopted strategy also reduces the impact of disaggrega-
tion on the network by minimizing the TNPC because a lower
volume of traffic is sent over the network.

FIGURE 10. Number and average utilization of active compute
components.

Additionally, TNPC is further minimized by placing the
storage demand of most VMs in the same compute node
as the CPU demand of the VM. This reduces the volume
of traffic in the network and the consequential power that
would have been consumed. However, the storage demand
of some VMs is also placed in a different compute node
from the node hosting the VM’s CPU demand to reduce the
TSPC by optimally utilizing active storage components. This
also reduces the number of active storage components as
illustrated in Fig.10(a).

It is also important to note that, network traffic is also
minimized by reducing or eliminating in-memory commu-
nication between VMs in the same IMCG. This is done by
placing such VMs into the same memory component. For
instance, the memory demand of VMs 3, 4, and 5 which

belong to the IMCG-A are always placed in the samememory
component. As a result, in-memory communication between
such VMs is avoided since the CPU allocated to each VM can
be granted access to the appropriate address on the com-
mon (shared) memory component to retrieve data. How-
ever, because in-memory communication volume is relatively
small, the reduction of the volume of in-memory commu-
nication in the network does not have a strong effect on
VM demand placement decisions.

Relative to the zero-cost-and-un-capacitated network,
the total compute (CPU, memory, and storage) power
consumption increased marginally when non-zero-cost-
and-capacitated networks are deployed in a logically dis-
aggregated rack. Marginal increase in TCPC, TMPC and
TSPC are responsible for the marginal increase in total com-
pute power consumption. The less efficient placement of
VM demands when AOPD-DCN, E-NetCoD or EO-NetCoD
is deployed is responsible for the fall in average utilization of
active CPU and storage components as shown in Fig. 10(b).
The fall in the average utilization of active CPU compo-
nents is somewhat marginal. Compared to the zero-cost-and-
un-capacitated network scenario, the average utilization of
active memory and storage components marginally increases
as shown in Fig. 10(b). However, the marginal increase in
average utilization of active memory and storage compo-
nents does not result in a fall in TMPC and TSPC respec-
tively because it is achieved by increasing the utilization
of memory and storage components that are less energy
efficient. Hence, the TMPC and TSPC increased marginally
in-spite of the increase in average active memory and storage
utilization.

The results obtained under the logical disaggregation setup
provide an excellent basis for further fair comparison of the
various network topologies being considered. The TNRP is
the same for AOPD-DCN and both variants of NetCoD. This
is because the traffic demand between two communicating
nodes pair is always routed directly between the two nodes
in the logical layer of all network topologies considered.
Hence, all end-to-end logical paths created over the phys-
ical topologies (AOPD-DCN, E-NetCoD and EO-NetCoD)
are direct and do not employ intermediated routing nodes
along the path. In the physical layer, the TNFP consumed
by AOPD-DCN and EO-NetCoD are equal. This is because
the optical ToR switch is the only intermediate node tra-
versed by end-to-end light paths created over the physical
topology. Since, the optical switch only has a constant (low)
operating power consumption that is non-load proportional,
it has no impact on the TNFP of both AOPD-DCN and
EO-NetCoD. On the other hand, the E-NetCoD topology
employs an electrical switch which has both fixed opera-
tional and load proportional components in its power profile.
Hence, relative to the AOPD-DCN or EO-NetCoD topolo-
gies, the E-NetCoD topologies has higher TNFP since the
ToR switch is an important intermediate node traversed by
some direct logical layer links created between communicat-
ing nodes pairs.
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FIGURE 11. Compute and network power consumption in composable DC.

The TOBP is the same across all three topologies
because the VMs are placed in the same way under
all topologies. Semiconductor-optical-amplifiers power con-
sumption (SOAPC) makes no contribution to the TNPC of
AOPD-DCN since the SOA switches are not required at
each compute node. On the other hand, the same SOAPC
is obtained under both variants of NetCoD; hence, the con-
tribution of SOAPC to the TNPC is the same as shown
in Fig. 11(b). The TSWOP of AOPD-DCN and EO-NetCoD
are equal as both topologies employed one optical switch and
one electrical gateway switch with equal typical operating
power consumption. The TSWOP of the E-NetCoD is higher
as illustrated in Fig. 11(b) because two electrical switches
are required when the topology is deployed in this evaluation
scenario.

To achieve a balanced trade-off between compute power
consumption and TNPC under all network topologies con-
sidered, the optimal VM placement obtained via MILP
optimization enabled zero-hop communication between all
intra-rack communicating node pairs. Furthermore, single
hop communication is employed for communication between
compute nodes and the gateway switch. Hence, the SOAPC
and/or the TNRP and TNFP consumed due to VMs place-
ment are minimized under the corresponding topology. The
TNPC increases by 0.7% when AOPD-DCN is replaced
by EO-NetCoD. The energy efficient SOA switches

FIGURE 12. Available throughput of capacitated network in composable
DC and corresponding throughput utilization.

employed in EO-NetCoD are solely responsible for the
marginal increase in TNPC observed. The TNPC increased
by 71% when EO-NetCoD is replaced by E-NetCoD. The
TSWOP and the TNFP consumed by the electrical ToR
switch, which is an important intermediate node, are respon-
sible for this relative increase in TNPC as shown in Fig. 11(b).

However, evaluation of power consumption alone is
not sufficient to determine network performance. The
AOPD-DCN topology adopts a generic design to achieve a
suitable composable DCN. Hence, in a logically disaggre-
gated DC that employs AOPD-DCN, each compute node
requires multiple dedicated interfaces to ensure full mesh
physical connectivity in the rack. This becomes a design
problem as the number of nodes in each rack increases. This is
because multiple (up to 48 high-capacity) interfaces must be
fitted onto each compute node. Both variants of NetCoDmiti-
gate this problem by adopting a targeted design that addresses
the specific challenge posed by resource disaggregation in a
practical composable DC.

Relative to AOPD-DCN, the maximum throughput achiev-
able by both variants of NetCoD is significantly lower as
shown in Fig. 12(a). However, it is important to remem-
ber that in AOPD-DCN, each compute node has a dedi-
cated 400 Gbps interface to communicate directly with each
co-rack compute node. In addition, each compute node in
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AOPD-DCN also has a total of 800 Gbps that is available
to communicate via the inter-rack network. On the other
hand, each compute node has a maximum of 800 Gbps to
communicate with all nodes in the DC when both variants
of NetCoD are considered. However, both variants of Net-
CoD achieve significantly higher utilization of the available
network throughput as shown in Fig. 12(b). About 20% of
E-NetCoD and EO-NetCoD available capacity is used when
logical disaggregation is implemented in the composable rack
as illustrated in Fig. 12(b). On the other hand, the higher
throughput provided by AOPD-DCN significantly exceeds
the practical need in the logically disaggregated DCs. Only
about 5% of AOPD-DCN available throughput is used as
illustrated in Fig. 12(b). Therefore, relative to the technically
challenging generic design adopted for AOPD-DCN, the tar-
geted design adopted for NetCoD achieves greater utilization
(4 times greater) while delivering similar performance.

2) HYBRID DISAGGREGATION
The results show that the general placement strategy observed
under the logically disaggregated rack-scale DC is imple-
mented when hybrid disaggregation is employed in the
rack-scale composable DC i.e., VM rejection remains dis-
couraged as a balance between compute energy efficiency and
network energy efficiency is found. However, relative to the
zero-cost-and-un-capacitated network, total compute power
consumption is marginally (below a percent) higher when
AOPD-DCN, E-NetCoD or EO-NetCoD is employed. This is
because maximum compute energy efficiency is not achieved
when network cost and constraints are introduced. Given both
compute and network constraints, marginal concessions in
compute energy efficient are required to achieve an optimal
result.

Relative to the zero-cost-and-un-capacitated network,
the total compute power consumption obtained when
AOPD-DCN is deployed in rack-scale composable DC that
implements hybrid disaggregation is marginally (less that a
percent) higher. A marginal increase in the TMPC is solely
responsible for the marginal increase in total compute power
consumption. Revisions in the placement of VMs’ memory
demands because of network constraints is responsible for
the increase in TMPC. Although the same number of memory
components are utilized, and the average active utilization of
memory component increased as shown in Fig. 10(b), a less
energy efficient memory component is highly utilized. There-
fore, the TMPC increased accordingly as shown in Fig. 11(b).
Relative to the zero-cost-and-un-capacitated network, the
placement of VMs’ CPU and storage demands is different
when AOPD-DCN was deployed in the rack-scale DC. How-
ever, Fig. 11(a) shows that the revised placement achieved
the same TCPC and TSPC as zero-cost-and-un-capacitated
network. Fig. 10(a), and Fig. 10(b) respectively show that
revised placement achieved equal number of active CPU
and storage components and the same average active com-
pute components utilization as zero-cost-and-un-capacitated
network.

The placement of VMs obtained when E-NetCoD is
deployed is a replica of the placement obtained when
AOPD-DCN was deployed in the rack-scale composable
DC. Hence, equal number of active compute components is
obtained under both scenarios and the average utilization of
active CPU, memory and storage components is equal under
both scenarios. Consequently, equal total compute power
consumption (TCPC, TMPC and TSPC) is obtained when
E-NetCoD is deployed to replace AODP-DCN in a rack-scale
DC that implements hybrid disaggregation. Despite the equal
TCPC, it is important to note that the resulting placement of
CPU demands obtained under E-NetCoD is different from
the placement of CPU demands obtained under the zero-cost-
and-un-capacitated network.

The placement of VMs when EO-NetCoD is implemented
is comparable to the placement of VMs obtained when
E-NetCoD is deployed in the composable DC. Equal TCPC
and TSPC are obtained under both scenarios. This is because
equal number of CPU and storage components are acti-
vated under both scenarios. The average utilization of active
CPU and storage component obtained when EO-NetCoD is
deployed is equal to the corresponding values obtained when
E-NetCoD is implemented in the DC. Although, 8 RAM
components are active under both scenarios, a slight variation
in the placement of memory demands under EO-NetCoD
is responsible for marginal increase in the TMPC relative
to the corresponding value obtained under E-NetCoD. The
marginally higher average utilization of active memory com-
ponent under EO-NetCoD as shown in Fig. 10(b) is because
a memory component with lower energy efficiency is highly
utilized compared to when E-NetCoD is deployed in the
composable DC.

The results obtained by solving the MILP model also
show attempts to minimize TNPC when AOPD-DCN,
E-NetCoD and EO-NetCoD topologies are employed in the
DC. AOPD-DCN primarily employs zero-hop communica-
tion between intra-rack compute nodes to ensure that both
TNFP and TNRP are minimized. However, in one instance
where the capacity of the direct interface between nodes is
limited, an additional path is established via the optical ToR
switch to support intra-rack traffic. Note that it is more energy
efficient to setup a light-path via the optical switch than it is
to use another compute node as an intermediate node. This is
because of the associated routing and forwarding power that
will be consumed at the intermediate node. In the physical
layer, direct light-paths are setup between each compute node
and the inter-cluster switch via the optical ToR switch to
enable transmission of north-south traffic in both northbound
and southbound directions.

As observed when AOPD-DCN is employed in the DC,
direct light-paths are often established between communicat-
ing node pairs in the DC to carry traffic when EO-NetCOD
is employed. However, multi-hop communication is also peri-
odically used to transmit low data rate (mice) traffic to ensure
optimal utilization of provisioned light-paths. Such low data
rate (mice) traffic is piggybacked on other light-paths that
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are established to convey low-medium data rate traffic to an
intermediate node. The intermediate node thereafter sets-up
another lightpath to jointly forward the transiting mice traffic
and its own traffic to a destination node. Multi-hop com-
munication paths can be provisioned in both the logical and
physical layers of the corresponding network topology. It is
important to note that a large traffic demand between two
nodes maybe divided into mice and elephant portions to
ensure optimal utilization of the network. On the one hand,
themice portionmaybe forwarded viamulti-hop communica-
tion path to optimally utilize the network by maximizing the
utilization of each active lightpath. On the other hand, the ele-
phant portion of the divided traffic is forwarded via zero-hop
communication path to reduce the SOAPC, TNRP and TNFP.
This is because forwarding elephant traffic via multi-hop
communication paths significantly increases TNPC.

E-NetCoD adopts a similar approach as EO-NetCoD to
maximize the utilization of the active light-paths and to miti-
gate the impact of network constraints. When the E-NetCoD
is employed in rack-scale composable DC, direct virtual
links are setup between source and destination nodes of the
traffic demand in the logical layer. However, in the physical
layer, mice flows of the virtual layer are often forwarded
via multi-hop communication path. Such flows are carried
on a common lightpath with low-medium sized flows that
are destined for the selected intermediate compute node.
At the intermediate compute node, the transiting mice flow
is piggybacked on a different lightpath that is setup to convey
another low-medium sized flow originating at the intermedi-
ate compute node. This strategy is commonly observed for
mice flows that originate from compute nodes that comprise
of multiple CPU components. Such nodes are highly con-
strained when the CPU demand of multiple VMs are placed
in them. Hence, multiple light-paths must be provisioned to
convey inter-resource traffic to and from storage and memory
components within the rack. Light-paths must also be estab-
lished to convey north-south traffic to and from the inter-rack
network in the DC. On the other hand, the elephant flows
are usually forwarded via zero-hop communication path to
reduce the SOAPC, TNRP and TNFP.

Generally, in the DC that implements hybrid disag-
gregation, AOPD-DCN has the lowest TNPC, as seen
in Fig. 11(b), because multi-hop communication is reduced
and AOPD-DCN does not require SOA switches. How-
ever, AOPD-DCN has inherent technical implementation
challenges that must be addressed in a practical scenario.
Even if such challenges are addressed, an implementation of
AOPD-DCN will be grossly underutilized as shown in the
Fig. 12(b). On the other hand, the utilization of the available
throughput when both variants of NetCoD are deployed in
a rack-scale DC that implements hybrid disaggregation is
5 times greater than the utilization obtain under AOPD-DCN
under a similar scenario as shown in Fig. 12(b).

EO-NetCoD has lower TNPC compared to E-NetCoD,
as seen in Fig. 11(b), because energy intensive electrical
ToR switches (with relatively high load proportional PC and

operational PC) are not used in EO-NetCoD. TOBP is the
same under all topologies considered because a similar place-
ment strategy ensures that maximum traffic is exchanged via
the highly energy efficient onboard fabric under all topolo-
gies. This strategy helps to minimize TNPC. As expected,
Fig. 11(b) shows that the TNFP of E-NetCoD is the high-
est because an electrical ToR switch is used. The TNFP of
EO-NetCoD is higher than that of AOPD-DCN as shown
in Fig. 11(b) because single-hop communication (via other
compute nodes) is infrequently adopted to optimally utilize
network capacity under EO-NetCoD. This leads to addi-
tional forwarding and routing power that are absent when
AOPD-DCN is employed. Furthermore, both variants of Net-
CoD require SOA switches, which also introduce additional
network power while AOPD-DCN does not.

For all network topologies considered, relative to when
the DC was logically disaggregated, the TNPC is marginally
higher in a DC that implements hybrid disaggregation as
seen in Fig. 11(b). Relative to the logically disaggregated
DC, the TNPC of a DC that implements hybrid disaggrega-
tion increased by 0.9%, 0.7% and 1.3% when AOPD-DCN,
E-NetCoD and EO-NetCoD are employed, respectively. This
is because the traffic in higher tiers of the network increases
when hybrid disaggregation is employed. Consequently, both
forwarding and routing power increase accordingly. Further-
more, more SOA switches are required in both variants of
NetCoD when hybrid disaggregation is implemented in the
composable DC. The relatively marginal increase in TNPC
when hybrid disaggregation is implemented instead of logical
disaggregation is because next generation energy efficiency
values are adopted for different tiers of the network. Hence,
the transmission of significantly higher volumes of traffic
when hybrid disaggregation is implemented in the compos-
able DC does not lead to drastic increase in TNPC. It is impor-
tant to note that comparable compute power consumption is
achieved when logical or hybrid disaggregation is adopted in
a rack-scale composable DC as shown in Fig. 11(a).

3) PHYSICAL DISAGGREGATION
Relative to the placement of VM resource demands
under the zero-cost-and-un-capacitated network, the results
show that introduction of network constraints and cost
led to changes in the placement of VM demands under
AOPD-DCN, E-NetCoD and EO-NetCoD topologies. The
results obtained when AOPD-DCN is deployed show that
a strategy, which gives higher priority to energy effi-
cient utilization of active CPU components, is adopted to
achieve optimal energy efficiency in the DC. This is because
CPU components consume more power than other com-
ponents in the DC. However, relative to the zero-cost-
and-un-capacitated network, revisions in the placement of
CPU demands when AOPD-DCN is deployed in a physi-
cally disaggregated DC achieved the same TCPC as shown
in Fig. 11(a). Similarly, equal number of active CPU com-
ponents and average active CPU component utilization are
obtained under both scenarios as shown in Fig. 10.
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The result also shows that the memory demand of VMs,
which belong to a common IMCG, are placed in the same
compute node when AOPD-DCN is implemented. Hence,
physical disaggregation is leveraged to reduce and/or elim-
inate in-memory communication traffic in the network since
such placement is more feasible under the physical disag-
gregation. Consequently, this minimizes forwarding power in
the network and can also reduce multi-hop communication.
In most situation, memory demands are placed in a manner
that ensures that VMs in the same IMCG are placed in the
same compute node. This minimizes in-memory communi-
cation in the composable DC. Relative to the zero-cost-and-
un-capacitated network, the placement strategy adopted for
memory demands is responsible for a marginal (less than 1%)
rise in the TMPC under AOPD-DCN. Therefore, further high-
lighting the need for marginal concessions in compute energy
efficiency to achieve optimal overall efficiency. A different
storage demand placement under the AOPD-DCN achieved
the same efficiency as the zero-cost-and-un-capacitated
network because most storage demands are non-intensive
as illustrated in Table 4. Hence, bin-packing storage
demands for maximum energy efficiency is highly feasible
while achieving optimal total efficiency. Consequently, only
necessary, and minimal amount of storage components are
activated when AOPD-DCN is employed in the physi-
cally disaggregated DC. The same number and type of
storage components are activated under both AOPD-DCN
and the zero-cost-and-un-capacitated network; and the aver-
age active storage component utilization is also equal
under both scenarios as shown in Fig. 10. Consequently,
the same TSPC is obtained under both scenarios as seen
in Fig. 11(a).

When feasible, attempts are made to maximize network
utilization under AOPD-DCN via coordinated placement
of CPU, memory, and storage demand. Such coordination
ensures that active light-paths are shared to improve their
utilization. In the logical layer direct virtual links are setup
between all communicating nodes pairs. Intra-rack traffic is
often sent via direct point-to-point links between compute
nodes in the rack. However, when the traffic demand between
two nodes in the same rack exceeds the capacity of the
direct link (i.e., 400 Gbps) that connects two compute nodes,
additional light-paths are provisioned over the inter-rack net-
work. These additional paths supplement the point-to-point
capacity in the intra-rack network. This strategy is common
for compute nodes which hold multiple CPU components
since the direct 400 Gbps link between compute nodes may
be inadequate for very large or aggregated CPU-to-memory
traffic in a composable DC. A direct virtual link (optical
light path) is created between the inter-cluster switch and
each compute node that has north-south traffic in either
northbound or southbound direction. The optical ToR switch
serves as a transparent intermediate node between compute
nodes and the inter-cluster switch in the physical layer. It is
also important to note that some provisioned direct light-paths
are poorly utilized when AOPD-DCN is employed.

However, since, there is no penalty for poorly uti-
lized lightpath under AOPD-DCN, this is an acceptable
outcome.

The placement of VMs also shows that a VM is rejected
when both variants of NetCoD are deployed in the physically
disaggregated DC. Limited network capacity at compute
nodes is responsible for such VM rejection. However, rejec-
tion can be easily mitigated via the introduction of additional
compute nodes in the rack. Moreover, compared to the small
evaluation scenarios considered in this paper, typical DCs
usually have over-provisioned hardware capacity to mitigate
such rejection and to ensure that service level agreements are
met. Hence, in practice such rejection is unlikely to occur.
Although results under both variants of NetCoD also show
that it is important to give high priority to energy efficiency of
CPU component. However, given the limited number of CPU
compute nodes considered, satisfying the CPU demand of all
VMs under either variant of NetCoDwhile enforcing network
constraints is infeasible. Hence, VM rejection is unavoidable.
Furthermore, since a common cost of rejection is associate
with all VMs considered, VM 6, which is known to have very
high compute and network requirement as seen in Table 4,
is rejected under E-NetCoD and EO-NetCoD.

Compared to the results obtained under E-NetCoD,
the TMPC and TSPC obtained under EO-NetCoD are
marginally higher while equal TCPC is obtained under both
variants of NetCoD. Equal number of active CPU, memory
and storage components were obtained under both scenarios
and the average utilization of each resource type is compara-
ble under both scenarios as illustrated in Fig. 10. Generally,
the TCPC, TMPC and TSPC obtained under both variants of
NetCoD are lower compared to similar values obtained under
zero-cost-and-un-capacitated network and AOPD-DCN as
shown in Fig. 11(a). VM rejection under both variants of
NetCoD is responsible for this trend.

The results also demonstrate the importance of making
strategic placement of compute demands to achieve optimal
results while satisfying network constraints. A common strat-
egy employed under both variants of NetCoD is to system-
atically place compute demands into the rack in a manner
that ensures the satisfaction of network constraints. Compute
demand placement also attempts to minimize the number of
communicating node pairs in the rack. However, this can be
difficult, especially for compute nodes with multiple CPU
resource in a physically disaggregated DC. Such compute
nodes can host CPU demands of multiple VMs and must sup-
port the aggregated CPU-to-memory, CPU-to-storage, and
CPU-to-gateway traffic in both directions for all VMs placed
in that compute node. Multi-hop communication is employed
tomitigate stringent network constraints by ensuring that data
traffic is optimally aggregated on provisioned light-paths.
Multi-hop communication is adopted in two instances as
observedwhen hybrid disaggregationwas implemented in the
composable DC.

In the first instance, mice traffic such as CPU-to-storage
and CPU-to-gateway traffic in the rack originating from
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compute nodes are often forwarded via multi-hop communi-
cation path. Such mice flows are aggregated and sent over a
lightpath established to convey low-medium data rate traffic
to intermediate compute nodes. The intermediate compute
node receives and processes the traffic that is destined for
it and forwards the transiting traffic to the next hop on the
multi-hop communication path. Multi-hop communication
can be set up in both logical and physical layers of the
network.

In another instance, large-sized and/or aggregated CPU-
to-memory traffic from a compute node can be divided into
multiple streams to be forwarded on optical light-paths using
single wavelength data rate (100 Gbps) as a divisor. On the
one hand, larger (elephant) portions of such traffic are there-
after transmitted via zero-hop paths to minimize network
power consumption by maximizing active light path utiliza-
tion. On the other hand, small (mice) portion of such traffic
are forwarded over multi-hop paths to maximize network
utilization and to mitigate the impact of stringent network
constraints. However, the adoption of multi-hop commu-
nication in this manner can lead to performance degrada-
tion since CPU-to-memory traffic is known to be latency
sensitive.

The results obtained when E-NetCoD is employed in the
physically disaggregated DC show that direct virtual links
are created between all communicating node pairs; hence,
traffic is not relayed in the virtual layer of the network. In the
physical layer, high data rate (elephant) flows of each virtual
link are sent via direct physical links while smaller (mice)
flows of each virtual link are piggybacked on established
light-paths between compute nodes. This helps to promote
greater lightpath utilization. However, a practical implemen-
tation must ensure that latency sensitive traffic, such as
CPU-memory communication, are sent over minimal num-
ber of hops. Generally, southbound traffic from the gateway
switch to compute nodes is transmitted over direct light-paths
setup up from the gateway switch via the optical ToR to each
compute node that will receive such traffic. The results show
that the same routing and forwarding strategies implemented
when E-NetCoD is deployed in physically disaggregated
DC are also employed when EO-NetCoD is deployed in
the DC.

Relative to results obtain when logical or hybrid dis-
aggregation is adopted in the single rack, result obtain
when physical disaggregation is implemented show that
TNPC increases marginally as seen Fig. 11(b). Compared
to the power consumption of a logically disaggregated DC
that employed AOPD-DCN, E-NetCoD and EO-NetCoD,
the TNPC increased by 3.7%, 2.6% and 4.4% respectively
when the same DC is physically disaggregated. Similar com-
parison between a DC that implements hybrid disaggrega-
tion and physical disaggregation shows that the TNPC of
AOPD-DCN, E-NetCoD and EO-NetCoD increased by 2.8%,
1.8% and 3.1% respectively when a DC is physically dis-
aggregated. Increase in TNRP and TNFP due to increase in
network traffic traversing the intra-rack network is primarily

responsible for the observed results under all network topolo-
gies considered. Increase in the SOAPC when physical
disaggregation is deployed in the rack also contributed to
the increase in TNPC when both variants of NetCoD are
employed.

Compared to both variants of NetCoD, the TNFP and
TNRP obtained when AOPD-DCN is deployed in a rack that
employs physical disaggregation is higher. This is because all
VMs are provisioned when AOPD-DCN was deployed while
a VM is rejected when both variants of NetCoD were deploy
in the DC. A similar reason justifies the lower TOBP under
both variants of NetCoD relative to AOPD-DCN. Fig. 12(b)
shows the utilization of the available network throughput of
both variants of NetCoD is over 5 times greater than that of
AOPD-DCN when a physically disaggregated rack-scale DC
is considered. Hence, it is expected that the cost of imple-
mentingAOPD-DCNwill outweigh the practical benefits that
are derived. On the other hand, both variants of NetCoD can
provide the required network capacity to support physical
disaggregation using a more specific and practical design rel-
ative to the general-purpose design adopted for AOPD-DCN.
However, great intelligence is required to achieve optimal
efficiency.

VII. CONCLUSION
In this paper, we described two variants of the network for
composable DCs (NetCoD). In contrast to a general design
employed when mesh physical topology is employed in the
intra-rack networks of composable DCs, a targeted design is
adopted in NetCoD. The targeted design leveraged optical
technologies and techniques to reduce complexity and cost.
Using a MILP model for capacitated networks, we compare
the performance of both variants of NetCoD to the perfor-
mance of a reference network topology in a DC with multi-
ple racks. The electrical-optical variant of NetCoD achieved
comparable network energy efficiency as the reference topol-
ogy. But the energy efficiency of the all-electrical variant
of NetCoD is relatively lower. Subsequently, we extended
the MILP model formulated for the capacitated networks,
to consider energy efficient placement of VMs in a rack-scale
composable DC that implemented logical, hybrid and phys-
ical disaggregation. Relative to the reference topology, the
results showed that both variants of NetCoD achieved similar
compute energy efficiency under all forms of disaggregation.
The range of scenarios considered highlighted various strate-
gies that can be deployed in practical implementations of
either variant of NetCoD to improve overall energy efficiency
in composable DCs while satisfying both compute and net-
work constraints. Under all network topologies considered,
a logically disaggregatedDC achieved the best results. Across
all network topologies evaluated in this paper, the average
increase in TNPC is 1% and 3.6% when hybrid and phys-
ical disaggregation are respectively implemented instead of
logical disaggregation in the small evaluation scenario con-
sidered. Additionally, the utilization of available network
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throughput by both variants of NetCoD exceeds that of refer-
ence topology by 4 – 5 times under the different forms of dis-
aggregation in the rack-scale composable DC. A limitation of
the MILP optimization methodology adopted to conduct this
study is the need for high computing power for a long duration
to obtain an optimal solution. This is because a detailed
MILP model is needed to effectively represent the problems
considered. Hence, a high number of binary variables are
required to represent the placement of VM compute demands
and network wavelength assignment. This prevented the con-
sideration of multi-rack and multi-cluster composable DCs.
However, the single rack scenario considered in Section VI
effectively validated and demonstrated the efficacy of the
targeted design proposed for composable DCNs in this paper.

APPENDIX
List of Used Acronyms.

Abbreviation Definition

AoD Architecture on Demand
AOPD-DCN All-Optical Programmable Disaggregated

Data Center Network
ASIC Application Specific Integrated Circuit
AWGR Arrayed Waveguide Grating Router
CAPEX Capital Expenditure
CPU Central Processing Unit
DC Data Center
DCN Data Center Network
DMX De-multiplexer
E-NetCoD Electrical Network for Composable Data

Center
EO-NetCoD Electrical Optical Network for Composable

Data Center
FGPA Field-Programmable Gate Array
HDD Hard Disk Drive
IO Input/Output
MILP Mixed Integer Linear Programming
NCH Node Controller Hub
NetCoD Network for Composable Data Center
NIC Network Interface Card
OCS Optical Circuit Switching
OEO Optical Electrical Optical
OPEX Operational Expenditure
OPS Optical Packet Switching
OXC Optical Cross Connect
RAM Random Access Memory
RSD Rack-Scale Design
SDM Space Division Multiplexing
SOA Semiconductor Optical Amplifiers
SOAPC Semiconductor Optical Amplifiers Power

Consumption
TCPC Total CPU Power Consumption
TComPC Total Compute Power Consumption
TD Traffic Distribution
TMPC Total Memory Power Consumption
TNFP Total Network Forwarding Power

TNPC Total Network Power Consumption
TNRP Total Network Routing Power
TOBP Total On-Board Power
ToC Top of Cluster
ToR Top of Rack
TSPC Total Storage Power Consumption
TSWOP Total Switch Operational Power
TXNP Total Other Network Power
VM Virtual Machine
WDM Wavelength Division Multiplexing
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