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Abstract

Long interconnects are becoming an increasingly important
problem from both power and performance perspectives. This mo-
tivates designers to adopt on-chip network-based communication
infrastructures and three-dimensional (3D) designs where multi-
ple device layers are stacked together. Considering the current
trends towards increasing use of chip multiprocessing, it is timely
to consider 3D chip multiprocessor design and memory network-
ing issues, especially in the context of data management in large
L2 caches. The overall goal of this paper is to study the chal-
lenges for L2 design and management in 3D chip multiproces-
sors. Our first contribution is to propose a router architecture and
a topology design that makes use of a network architecture em-
bedded into the L2 cache memory. Our second contribution is to
demonstrate, through extensive experiments, that a 3D L2 memory
architecture generates much better results than the conventional
two-dimensional (2D) designs under different number of layers
and vertical (inter-wafer) connections. In particular, our experi-
ments show that a 3D architecture with no dynamic data migration
generates better performance than a 2D architecture that employs
data migration. This also helps reduce power consumption in L2
due to a reduced number of data movements.

1 Introduction and Motivation

The rapid scaling of technology into the deep sub-micron
regime has been accompanied by a dramatic increase in
transistor densities. The billion-transistor chip is now be-
coming a reality. At such integration levels, it is impera-
tive to employ parallelism to effectively utilize the transis-
tors [12]. For this purpose, today’s microprocessors incor-
porate a multitude of sophisticated micro-architectural fea-
tures, such as multiple instruction issue, dynamic schedul-
ing, out-of-order execution, speculative execution, and dy-
namic branch prediction. However, in order to sustain
performance growth, future superscalar microprocessors
must rely on even more complex architectural innovations.
Olukotun et al. [27] have shown that circuit limitations and

limited instruction level parallelism will diminish the bene-
fits afforded to the superscalar model by increased architec-
tural complexity. Increased issue widths cause a quadratic
increase in the size of issue queues and the complexity of
register files. Furthermore, as the number of execution units
increases, wiring and interconnection logic complexity be-
gin to adversely affect performance. These issues have led
to the advent of Chip Multiprocessors (CMP) as a viable
alternative to the complex superscalar architecture. CMPs
are simple, compact processing cores forming a decentral-
ized micro-architecture which scales more efficiently with
increased integration densities [27]. The Cell Processor
from Sony, Toshiba and IBM (STI) [19], and the Sun Ultra-
SPARC T1 (formerly codenamed Niagara) [22] signal the
growing popularity of such systems.

The adoption of CMPs and other multi-core systems is
expected to increase the size of both L2 and L3 caches in the
foreseeable future. However, diminutive feature sizes exac-
erbate the impact of interconnect delay, making it a critical
bottleneck in meeting the performance and power consump-
tion budgets of a design [13, 1]. In the forthcoming 65 nm
regime, up to 77% of the delay will be attributed to the in-
terconnect [31]. Hence, while traditional architectures have
assumed that each level in the memory hierarchy has a sin-
gle, uniform access time, increases in interconnect delays
will render access times in large caches dependent on the
physical location of the requested cache line. That is, ac-
cess times will be transformed into variable latencies based
on the distance traversed along the chip.

The concept of Non-Uniform Cache Architectures
(NUCA) [20] has been proposed based on the above obser-
vation. Instead of a large uniform monolithic L2 cache, the
L2 space in NUCA is divided into multiple banks, which
have different access latencies according to their location
relative to the processor. These banks are connected through
a mesh-based interconnection network. Cache lines are al-
lowed to migrate within this network, for the purpose of
placing more frequently-accessed data in the cache banks
closer to the processor. Several recent proposals extend the
NUCA concept to CMPs. An inherent problem of NUCA
in CMP architectures is the management of data shared by



multiple cores. Proposed solutions to this problem include
data replication and data migration. Still, large access la-
tencies and high power consumption stand as inherent prob-
lems for NUCA-based CMPs.

The introduction of three-dimensional (3D) circuits [9,
25] provides an opportunity to reduce wire lengths. Conse-
quently, this technology can be useful in reducing the access
latencies to the remote cache banks of a NUCA architec-
ture. In this paper, we consider the design of a 3D topol-
ogy for a NUCA that combines the benefits of network-
on-chip and 3D technology to reduce L2 cache latencies
in CMP-based systems. While network-on-chip and 3D
cache designs have been studied in the past in different
contexts, to our knowledge, this is the first in-depth study
that integrates them. This paper provides new insights on
network topology design for 3D NoCs and addresses is-
sues related to processor placement across 3D layers and
data management in L2, taking into account network traf-
fic and thermal issues. We evaluate the proposed architec-
ture using a novel simulation environment that includes the
Simics multi-core simulator [24] and a cycle-accurate 3D
network simulator. Our experiments with the SPEC OMP
benchmark suite [33] indicate that the proposed 3D archi-
tecture significantly reduces L2 access latencies over two-
dimensional (2D) NUCA implementations (around 17 cy-
cles on average), leading to an IPC improvement of up to
37.1%. In addition, our experiments show that a 3D ar-
chitecture with no dynamic data migration generates better
performance than a 2D architecture that employs data mi-
gration. This also helps reduce power consumption in L2
due to reduced data movement.

This paper is organized as follows. The next section
presents the background in nonuniform cache architectures,
networks-on-chip, and 3D IC design. Section 3 discusses
the details of the proposed 3D Network-in-Memory archi-
tecture. Section 4 explains our data management strategy
in 3D L2 cache. The implementation details and an experi-
mental evaluation of our approach are presented in Section
5. We conclude the paper in Section 6.

2 Background

In this section, we first review previous schemes that ex-
ploit the non-uniform access patterns of large L2 caches.
We then introduce the Network-in-Memory and the three-
dimensional architecture design issues.

2.1 NUCA Architectures

The issue of placement and location of data in large
L2 caches has been identified by past research as one of
the critical problems preventing us from extracting maxi-
mum performance from single- and multi-core machines.
Recent proposals to large L2 design include decomposing
L2 space into multiple, individually-addressable tiles (also
called banks) whose access latencies depend on the distance

between them and the processor that accesses them. Such
architectures, usually known as Nonuniform Cache Archi-
tectures (NUCA), present unique challenges, as compared
to uniform L2 architectures, in terms of data placement and
management. Kim et al. [20] study cache line mapping
and search strategies in the context of a NUCA architec-
ture. Chishti et al. [5] propose NuRapid, a NUCA archi-
tecture that decouples tag placement from data placement.
They later extended NuRapid to work within a CMP en-
vironment [6]. A unique contribution of this NuRapid ar-
chitecture is that it employs a flexible data placement and
replication-based management scheme to cut L2 access la-
tencies. Zhang and Asanovic [39] propose a technique
whereby copies of local primary cache victims are kept
within the local L2 cache slices. Beckman and Wood [2] ex-
tend the NUCA concept to a multi-core setting by propos-
ing a data migration scheme. Huh et al. [15] study the
problem of how to partition an L2 NUCA to reduce inter-
connect traffic. Our L2 cache management policies benefit
from both [2] and [6]; however, our L2 architecture is three-
dimensional. Consequently, we tailored our data placement
and migration policies considering multiple layers and the
additional proximity provided by 3D. In addition, our re-
sults show that a 3D architecture can work very well even if
we do not implement any data migration.

2.2 Network-in-Memory

To facilitate the aforementioned variation in access laten-
cies, the cache can no longer be a monolithic structure, since
the large size would be detrimental to access time. Instead,
it should be divided into self-contained banks which can be
individually addressed. This would create a continuum of
access times based on the location of each bank relative to
the CPU. However, such a scheme demands a very efficient
interconnection network to minimize total access time. The
solution might come from a related branch in chip design,
namely Systems-On-Chip (SoC). SoCs incorporate several
homogeneous or heterogeneous processing elements on a
single die. The two dominant interconnects in the SoC re-
search community have been buses and Networks-on-Chip
(NoC) [8, 3]. Buses, while heavily used today, suffer from
resource contention issues — as the number of nodes in-
creases, performance degrades due to excessive conflicts.
Hence, they are not considered appropriate for systems of
more than about 10 nodes. To overcome these limitations,
attention has shifted toward NoCs. NoCs packetize data and
transmit it through an on-chip network [3] and, much like
traditional macro networks, they are very scalable. Large
NUCAs are expected to include tens of banks (as many as
256 have been seen in the literature), thus making NoCs an
appropriate choice for the interconnect.

The most popular NoC topology in use today is the mesh,
in which nodes are tiled in a Manhattan-like grid. Nodes
are connected through a micro-network made up of a se-
ries of routers. Each node has a dedicated connection to
one router, and each router has dedicated connections to
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Figure 1. A typical NoC
mesh.

each of its four neighbors (North, South, East, and West).
Each of the dedicated links between nodes and routers and
between routers consists of two unidirectional links, each
with a width which is equal to the flit size. Flits are the unit
of transfer into which packets are broken for transmission.
Figure 1 shows an NoC mesh topology, which is the basis
for most current NUCA implementations in the literature.
Previous work on NoCs focused on task mapping [14], en-
ergy management [36], and reliability [21]. In contrast to
these studies, our work employs an NoC within a 3D L2
cache.

2.3 Three-Dimensional Design

The idea of having a large number of L2 banks on a two-
dimensional plane poses several challenges, even if one em-
ploys an NoC. The large chip area occupied by the mem-
ory elements necessitates the use of several NoC routers. A
cache access request destined for a distant bank would have
to traverse a large number of NoC routers. Note that, even
when using state-of-the-art single stage routers, the commu-
nication delay can be substantial if the number of routers in
a flit’s path is large. It is, therefore, imperative to limit the
number of routers encountered by a flit between its source
and destination (hop count) in order to optimize the NUCA’s
performance. The up-and-coming 3D chip design space is
particularly amenable to reducing the Manhattan distance
(and thus hop count) in large chips.

A three dimensional (3D) chip is a stack of multiple
device layers with direct vertical interconnects tunneling
through them [9, 25]. The benefits of 3D ICs include: 1)
higher packing density due to the addition of a third dimen-
sion to the conventional two-dimensional layout, 2) higher
performance due to reduced average interconnect length,
and 3) lower interconnect power consumption due to the
reduction in total wiring length [17]. Joyner et al. [17] have
shown that three-dimensional architectures reduce wiring
length by a factor of the square root of the number of layers
used. For example, a 4-layer 3D NoC would have, on aver-

Figure 2. Wiring scales in
length as the square root
of the number of layers in
three dimensions.
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Figure 3. Face-to-Face and Face-
to-Back Wafer-Bonding in 3D tech-
nology [11].

age, ~ \/4 = 2 times shorter wiring length, as illustrated in
Figure 2.

There are currently various 3D technologies being ex-
plored in industry and academia, but the two most promis-
ing ones are Wafer-Bonding [9] and Multi-Layer Buried
Structures (MLBS) [18]. Wafer-bonding technology pro-
cesses each active device layer separately and then con-
nects the layers in a single entity. For MLBS, the front-end
processing is repeated on a single wafer to build multiple
device layers, before the back-end process builds intercon-
nects among the devices. A trait of critical importance in
these technologies is the size of the 3D vias which connect
neighboring layers together. In wafer-bonding, the size of
the 3D vias is not expected to scale at the same rate as fea-
ture sizes [35]. MLBS, on the other hand, can provide vias
which scale down with feature size. However, since MLBS
is not compatible with current manufacturing processes, it is
not as appealing as wafer bonding techniques [4, 16]. Fur-
thermore, there are currently two primary wafer orientation
schemes, Face-To-Face [4] and Face-To-Back [16, 11], as
shown in Figure 3. While the former provides the great-
est layer-to-layer via density, it is suitable for two-layer or-
ganizations, since additional layers would have to employ
back-to-back placement using larger and longer vias. Face-
To-Back, on the other hand, provides uniform scalability to
an arbitrary number of layers, despite a reduced inter-layer
via density. Hence, to provide scalability and easy manufac-
turability, we assume in this work the use of Face-To-Back
Wafer-Bonding. One critical issue which has emerged in the
design of 3D chips is the inter-layer via pitch, which dictates
the density of layer-to-layer interconnections. Via pitches
can range from 1x1 ym? to 10x10 um? [9], depending on
the technology and manufacturing process used. Very re-
cently, IBM has managed to reduce the pitch to a state-
of-the-art 0.2 x 0.2 um? using Silicon-On-Insulator (SOI)
technology [37]. However, despite the decreasing via sizes,
it is the via pads (i.e., the via endpoints) which ultimately
limit the via density. Currently, via pads do not scale at



the same rate as the vias themselves. Compared to a wire
pitch of 0.1 pm, inter-layer vias are significantly larger and
cannot achieve the same wiring density as intra-layer in-
terconnects. However, what vertical interconnects lack in
terms of density, they compensate for by extremely small
inter-wafer distances, ranging from 5 to 50 pm. Such dis-
tances are extremely small, providing rapid transfer times
when traversing layers [29].

Researchers have so far focused on physical aspects,
low-level process technologies, and developing automated
design and placement tools [9, 11, 7]. Research at the ar-
chitectural level has also surfaced [4, 35]. Specific to 3D
memory design, [29, 38] have studied multi-bank uniform
cache structures. In our work, we focus our attention on the
design of a 3D NoC-based non-uniform L2 cache architec-
ture.

3 A 3D Network-in-Memory Architecture

Our proposed architecture for multiprocessor systems
with large shared L2 caches involves placement of CPUs
on several layers of a 3D chip with the remaining space
filled with L2 cache banks. Most 3D IC designs observed
in the literature so far have not exceeded 5 layers, mostly
due to manufacturability issues, thermal management, and
cost. A detailed analysis of via pitch considerations and
their impact on the number of inter-layer gateways follows
in Section 3.1. As previously mentioned, the most valuable
attribute of 3D chips is the very small distance between the
layers. A distance on the order of tens of microns is negligi-
ble compared to the distance traveled between two network
on-chip routers in 2D (1500 um on average for a 64 KB
cache bank implemented in 70 nm technology). This char-
acteristic makes traveling in the vertical (inter-layer) direc-
tion very fast as compared to the horizontal (intra-layer).

One inter-layer interconnect option is to extend the NoC
into three dimensions. This requires the addition of two
more links (up and down) to each router. However, adding
two extra links to an NoC router will increase its complexity
(from 5 links to 7 links). This, in turn, will increase the
blocking probability inside the router since there are more
input links contending for an output link. Moreover, the
NoC is, by nature, a multi-hop communication fabric, thus
it would be unwise to place traditional NoC routers on the
vertical path because the multi-hop delay and the delay of
the router itself would overshadow the ultra fast propagation
time.

It is not only desirable, but also feasible, to have single-
hop communication amongst the layers because of the short
distance between them. To that effect, we propose the use of
dynamic Time-Division Multiple Access (ITDMA) buses
as “Communication Pillars” between the wafers, as shown
in Figure 4. These vertical bus pillars provide single-hop
communication between any two layers, and can be inter-
faced to a traditional NoC router for intra-layer traversal us-

ing minimal hardware, as will be shown later. Furthermore,
hybridization of the NoC router with the bus requires only
one additional link (instead of two) on the NoC router. This
is the case because the bus is a single entity for communicat-
ing both up and down. Due to technological limitations and
router complexity issues (to be discussed in Section 3.1),
not all NoC routers can include a vertical bus, but the ones
that do form gateways to the other layers. Therefore, those
routers connected to vertical buses have a slightly modified
architecture, as explained in Section 3.2.

4 Communication Pillars
assumed here
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Figure 4. Prbposed 3D Network-in-
Memory architecture

3.1 The dTDMA Bus as a Communica-
tion Pillar

The dTDMA bus architecture [30] eliminates the trans-
actional character commonly associated with buses, and in-
stead employs a bus arbiter which dynamically grows and
shrinks the number of timeslots to match the number of ac-
tive clients. Single-hop communication and transaction-less
arbitrations allow for low and predictable latencies. Dy-
namic allocation always produces the most efficient times-
lot configuration, making the dTDMA bus nearly 100%
bandwidth efficient. Each pillar node requires a compact
transceiver module to interface with the bus, as shown in
Figure 5.

The dTDMA bus interface (Figure 5) consists of a trans-
mitter and a receiver connected to the bus through a tri-state
driver. The tri-state drivers on each receiver and transmitter
are controlled by independently programmed fully-tapped
feedback shift registers. Details of its operation can be
found in [30]. The total number of wires required by the
control signals from the arbiter to each layer is 3n+loga(n),
for n layers. Because of its very small size, the d-TDMA bus
interface is a minimal addition to the NoC router.

The presence of a centralized arbiter is another reason
why the number of vertical buses, or pillars, in the chip
should be kept low. An arbiter is required for each pil-
lar with control signals connecting to all layers, as shown
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Figure 5. Transceiver module of a dTDMA bus.

Table 1. Area and power overhead of dTDMA
bus.

Component Power Area
Generic NoC Router (5-port) 119.55 mW| 0.3748 mm?
dTDMA Bus Rx/Tx (2 per client)| 97.39 W [0.00036207 mm?
dTDMA Bus Arbiter (1 per bus) [204.98 W [0.00065480 mm?

in Figure 6. The arbiter should be placed in the middle
layer of the chip to keep wire distances as uniform as pos-
sible. Naturally, the number of control wires increases with
the number of pillar nodes attached to the pillar, i.e., the
number of layers present in the chip. The arbiter and all
the other components of the dTDMA bus architecture have
been implemented in Verilog HDL and synthesized using
commercial 90 nm TSMC libraries. The area occupied by
the arbiter and the transceivers is much smaller compared
to the NoC router, thus fully justifying our decision to use
this scheme as the vertical gateway between the layers. The
area and power numbers of the dTDMA components and a
generic 5-port (North, South, East, West, local node) NoC
router (all synthesized in 90 nm technology) are shown in
Table 1. Clearly, both the area and power overheads due
to the addition of the dTDMA components are orders of
magnitude smaller than the overall budget. Therefore, using
the dTDMA bus as the vertical interconnect is of minimal
area and power impact. A 7-port NoC router was consid-
ered and eliminated in the design search due to prohibitive
contention issues, multi-hop communication in the vertical
direction, and substantially increased area/power overhead
due to an enlarged crossbar and more complicated switch
arbiters. The dTDMA bus was observed to be better than
an NoC for the vertical direction as long as the number of
device layers was less than 9 (bus contention becomes an
issue beyond that).

The length of vertical interconnect between two layers is
assumed to be 10 um. According to [10], the parasitics of
inter-tier vias have a small effect on power and delay, be-
cause of their small length (i.e. low capacitance) and large
cross-sectional area (i.e. low resistance).

Figure 6. Side view of
the 3D chip with the
dTDMA bus (pillar).

Table 2. Area overhead of inter-wafer wiring
for different via pitch sizes.

Bus Width Inter-Wafer Area (due to dTDMA Bus wiring)
0pm [ Spum [ Tpm [ 02pm

128 bits(+42 control) [62500 pm? 15625 pm? [625 pm?| 25 um”

The density of the inter-layer vias determines the num-
ber of pillars which can be employed. Table 2 illustrates the
area occupied by a pillar consisting of 170 wires (128-bit
bus + 3x14 control wires required in a 4-layer 3D SoC) for
different via pitch sizes. In Face-To-Back 3D implemen-
tations (Figure 3), the pillars must pass through the active
device layer [29], implying that the area occupied by the
pillar translates into wasted device area. This is the reason
why the number of inter-layer connections must be kept to
a minimum. However, as via density increases, the area oc-
cupied by the pillars becomes smaller, and, at the state-of-
the-art via pitch of 0.2 um, becomes negligible compared
to the area occupied by the NoC router (see Table 1 and Ta-
ble 2). However, as previously mentioned, via densities are
still limited by via pad sizes, which are not scaling as fast
as the actual via sizes. As shown in Table 2, even at a pitch
of 5 pm, a pillar induces an area overhead of around 4%
to the generic 5-port NoC router, which is not overwhelm-
ing. These results indicate that, for the purposes of our 3D
architecture, adding extra dTDMA bus pillars is feasible.

Via density, however, is not the only factor limiting the
number of pillars. Router complexity also plays a key role.
As previously mentioned, adding an extra vertical link (dT-
DMA bus) to an NoC router will increase the number of
ports from 5 to 6, and since contention probability within
each router is directly proportional to the number of com-
peting ports, an increase in the number of ports increases
the contention probability. This, in turn, will increase con-
gestion within the router, since more flits will be arbitrating
for access to the router’s crossbar. Thus, arbitrarily adding
vertical pillars to the NoC routers adversely affects the per-
formance of each pillar router. Hence, the number of high-
contention routers (pillar routers) in the network increases,
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thereby increasing the latency of both intra-layer and inter-
layer communication.

On the other hand, there is a minimum acceptable num-
ber of pillars. In this work, we place each CPU on its own
pillar. If multiple CPUs were allowed to share the same pil-
lar, there would be fewer pillars, but such an organization
would give rise to other issues, as described in Section 3.3.

3.2 NoC Router Architecture

A generic NoC router consists of four major compo-
nents: the routing unit (RT), the virtual channel allocation
unit (VA), the switch allocation unit (SA), and the crossbar
(XBAR). In the mesh topology, each router has five phys-
ical channels (PC): North, South, East, and West, and one
for the connection with the local processing element (CPU
or cache bank). Each physical unit has a number of virtual
channels (VC) associated with it. These are first-in-first-out
(FIFO) buffers which hold flits from different pending mes-
sages. In our implementation, we used 3 VCs per PC, each 1
message deep. Each message was chosen to be 4 flits long.
The width of the router links was chosen to be 128 bits.
Consequently, a 64B cache line can fit in a packet (i.e., 4
flits/packet x 128 bits/flit = 512 bits/packet = 64 B/packet).

The most basic router implementations are 4-stage ones,
i.e., they require a clock cycle for each component within
the router. In our L2 architecture, low network latency
is of utmost importance, thereby necessitating a faster
router. Lower-latency router architectures have been pro-
posed which parallelize the RT, VA and SA using a method
known as speculative allocation [28]. This method predicts
the winner of the VA stage and performs SA based on that.
Moreover, a method known as look-ahead routing can also
be used to perform routing one step ahead (perform the rout-
ing of node i+1 at node i). These two modifications can

~ 4 + 4*(n — [no. of CPUs on pillar])

Figure 8. A CPU has more cache banks in its vicinity in the 3D
architecture.

significantly improve the performance of the router. Two
stage, and even single-stage [26], routers are now possible
which parallelize the various stages of operation. In our pro-
posed architecture, we use a single-stage router to minimize
latency.

Routers connected to pillar nodes are different, as an in-
terface between the - TDMA pillar and the NoC router must
be provided to enable seamless integration of the vertical
links with the 2D network within the layers. The modified
router is shown in Figure 7. An extra physical channel (PC)
is added to the router, which corresponds to the vertical link.
The extra PC has its own dedicated buffers, and is indistin-
guishable from the other links to the router operation. The
router only sees an additional physical channel.

3.3 CPU Placement

The dTDMA pillars provide rapid communication be-
tween layers of the chip. We have a dedicated pillar as-
sociated with each processor to provide fast inter-layer ac-
cess, as shown in Figure 4. Such a configuration gives each
processor instant access to the pillar, additionally providing
them with rapid access to all cache banks that are adjacent to
the pillar. By placing each processor directly on a pillar, its
memory locality (the number of banks with low access la-
tency) is increased in the vertical direction (potentially both
above and below), in addition to the pre-existing locality
in the 2D plane. This is illustrated in Figure 8. Such an in-
crease in the number of cache banks with low access latency
can significantly improve the performance of applications.
The relative sizing of L2 cache banks and CPU+L]1 cache,
as shown in Figure 8, is meant to be illustrative. Our place-
ment approach works even when a CPU+L1 cache span the
size of multiple L2 cache banks.

Stacking CPUs directly on top of each other would give
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rise to thermal issues. Increased temperatures due to layer
stacking is a major challenge in 3D design [4], and is of-
ten a major determining factor in component placement.
Since the CPUs are expected to consume the overwhelm-
ing majority of power (they are constantly active, unlike the
cache banks), it would be thermally-unwise to stack any
two or more processors in the same vertical plane. Fur-
thermore, stacking processors directly on top of each other
on the same pillar would affect the performance of the net-
work as well, as it would create high congestion on the pil-
lar. Processors are the elements which generate most of the
L2 traffic (there is also some traffic generated by the mi-
gration algorithm, as explained in Section 4.2); therefore,
forcing them to share a single link would create excessive
traffic. Our simulations in later sections will validate this ar-
gument. To avoid thermal and congestion problems, CPUs
can be offset in all three dimensions (maximal offsetting),
as shown in Figure 9.

If, however, the manufacturing technology provides only
low via densities, the designer might be forced to use fewer
pillars than the number of CPU cores to minimize the
wasted device-layer area. In such cases, multiple CPUs
would have to share a single pillar, warranting a careful
CPU placement methodology, to ensure maximum perfor-
mance with minimum thermal side-effects. The best way to
achieve this is to offset the processors at various distances
from the pillar, while keeping them within the direct vicin-
ity. Moving the processors far away from the pillars would
be detrimental to performance, since changing layers would
inflict lengthy 2D traversal times to and from the pillar. In
our approach, the CPUs are placed according to the pattern
illustrated in Figure 10. The processors are placed at most
two hops away from a pillar to minimize the adverse effect
on performance.

To perform the placement of the CPUs based on the re-
strictions of Figure 10, a simple algorithm was developed to
achieve uniform offset of all CPUs in both the vertical and
horizontal directions for the configurations studied. The al-
gorithm, shown in Algorithm 1, assumes placement of 2 or
4 CPUs per pillar per chip layer. The parameter k is the
offset distance from a pillar in number of network hops. In
our proposed implementation, £ was chosen to be 1. If ther-

A CPU can be placed
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Figure 10. Placement pattern of CPUs
around the pillars.

mal issues require more mitigation, then k can be increased
at the expense of performance. Parameter c is the number
of CPUs assigned to each pillar on each layer. Assigning
more than 4 CPUs per pillar per layer is not desirable, since
it will increase bus contention dramatically, thus degrading
network performance. The location of the pillars is assumed
to be predetermined by the designer, and is given as a con-
stant to the algorithm. The pillars need to be placed as far
apart from each other as possible within the layer to avoid
the creation of network congested areas. On the other hand,
the pillars should not be placed on the edges because such
placement would limit the number of cache banks which are
in the vicinity of the pillar.

The placement pattern spans four layers, beyond which
it is repeated. This is done because 1) increasing the factor
of k beyond 2 moves the CPU too far from the pillar, and 2)
thermal effects reduce as inter-layer distance between pro-
cessors increases. Note that the placement is scalable to any
number of layers.

To visualize how the algorithm works, Figure 11 shows
an example for four CPUs per pillar per layer. The key
observation is that this placement methodology provides a
systematic and scalable way to place the CPUs in a thermal
aware fashion.

To validate the CPU placement methodology proposed
above, we simulated the thermal profile of several config-
urations using HS3d, a 3D thermal estimation tool [23].
HS3d provides estimates for peak, minimum and average
temperatures of a chip, based on the power consumption
and location of all architectural components. The tool also
provides a detailed steady-state thermal profile for the en-
tire floorplan, allowing us to identify hotspots. The power
consumption of the cache banks was extracted from Cacti
3.2 [32]. Regarding the CPU cores, we assumed a simple,
single-issue core, similar to recent trends in industry (STI
Cell Processor, Sun UltraSPARC T1) [22, 19]. Sun’s Ultra-
Sparc T1 (formerly codenamed Niagara) employs 8 pro-
cessing cores with peak power consumption of 79 W [34].
Using this information as a guideline for future CMPs, we
approximate the power consumption per core to be 8W in
our thermal simulation (assuming that the rest of the power
is consumed in peripheral circuits and L2 cache). Since our
experiments focus on the relative trends between the 2D and
3D topologies, the results will still hold even if this absolute
power consumption is not accurate.



Algorithm 1: CPU placement algorithm for more than
1 CPU/pillar/layer

c: number of CPUs per pillar
k: distance offset from pillar in terms of the number of network hops
fori € Pillars {
forl € Layers {
/lz 3y, of each pillar assumed predetermined
pillar node @ = (2, ys, 1)
switch I modulo 4 {
case 0: if ¢ == 2 then
CPUsat (x; + k,y;,1)
else if c == 4 then
CPU’s at (z; £ 2k, y;,1) and (z;, y; + 2k, 1)
case 1: if ¢ == 2 then
CPU’s at (z;,y; £ k, 1)
else if ¢ == 4 then
CPUsat (x; + k,y; £ k,1)
case 2: if ¢ == 2 then
CPU’s at (x; + 2k, y4,1)
else if c == 4 then
CPU’s at (:EL + k, Yis l) and (mi, Yi + k, l)
case 3: if ¢ == 2 then
CPU’s at (z;, y; + 2k, 1)
else if ¢ == 4 then
CPU’s at (x; + 2k, y; £ 2k, 1)

Table 3. Temperature profile of various con-
figurations, where L is the number of layers
and £ is the offset factor in Algorithm 1.

Configuration Peak Temp ° C'[|Avg Temp °C [Min Temp °C
2D, maximal offset 111.05 53.96 46.77
3D-2L, optimal offset 119.05 63.94 49.21
3D-2L, offset k=2 125.02 63.94 49.59
3D-2L, offset k=1 135.24 63.94 49.52
3D-2L, CPU stacking 173.38 63.94 50.73
3D-4L, optimal offset 158.67 86.62 64.79
3D-4L, CPU stacking 287.12 86.62 58.51

The results of the thermal simulations on a system with
256 64KB L2 cache banks (16MB) and 8 CPU cores are
shown in Table 3. The L2 cache banks are clock-gated
when not in use. As expected, moving from a 2D lay-
out to a 3D layout causes the average temperature of the
chip to increase. However, of critical importance is the
avoidance of hotspots, i.e., places where the peak temper-
ature is extremely high. Hotspots can substantially degrade
performance and adversely affect the lifetime of the chip.
Hotspots can be avoided through careful offsetting of the
processor cores. Offsetting the cores in all three dimensions
provides the best results, causing an increase in peak tem-
perature of only 8°C when using two layers, as compared
to the 2D case. Assuming a single CPU per pillar (row 2 of
Table 3), CPUs can be optimally offset in all three dimen-
sions, as in Figure 9. However, when processors need to
share pillars, then we use the offsetting technique of Algo-
rithm 1. As shown in Table 3, increasing the offset factor, k,
can reduce peak temperature by 10°C. As predicted, stack-
ing CPUs in both 2-layer and 4-layer configurations is detri-
mental to peak temperature (i.e., leads to hotspot creation).

CPUs are offset to
avoid thermal spikes
through the layers

éLayer 1 superimposed

\ “over Layer 0

Placement assuming 4 CPUs
per pillar on each layer

Layer 1

Figure 11. An example of our CPU placement
algorithm.

4 3D L2 Cache Management

In this section, we present our organization of processor
and L2 cache banks, and then detail our L2 cache manage-
ment policies.

4.1 Processors and L2 Cache Organiza-
tion

Figure 12 illustrates the organization of the processors
and L2 caches in our design. Similar to CMP-DNUCA [2],
we separate cache banks into multiple clusters. Each cluster
contains a set of cache banks and a separate tag array for all
the cache lines within the cluster. Some clusters have pro-
cessors placed in the middle of them, while others do not.
All the banks in a cluster are connected through a network-
on-chip for data communication, while the tag array has a
direct connection to the local processor in the cluster. Note
that even though it is not explicitly shown in Figure 12, each
processor has its own private L1 cache and an associated tag
array for L2 cache banks within its local cluster. For a clus-
ter without a local processor, the tag array is connected to
a customized logic block which is responsible for receiving
a cache line request, searching the tag array and forwarding
the request to the target cache bank. This organization of
processors and caches can be scaled by changing the size
and/or number of the clusters.

4.2 Cache Management Policies

Based on the organization of processors and caches given
in the previous subsection, we developed our cache man-
agement policies, consisting of a cache line search policy,
a cache placement and replacement policy, and a cache line
migration policy, all of which are detailed in the following
subsections.

4.2.1 Search Policy

Our cache line search strategy is a two-step process. In
the first step, the processor searches the local tag array in
the cluster to which it belongs and also sends requests to
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search the tag array of its neighboring clusters. All the ver-
tically neighboring clusters receive the tag that is broadcast
through the pillar. If the cache line is not found in either of
these places, then the processor multicasts the requests to
the remaining clusters. If the tag match fails in all the clus-
ters, then it is considered as an L2 miss. On a tag match in
any of the clusters, the corresponding data is routed to the
requesting processor through the network on chip.

4.2.2 Placement and Replacement Policy

We use cache placement and replacement policies similar to
those of CMP-DNUCA [2]. Initially a cache line is placed
according to the low-order bits of its cache tag, that is, these
bits determine the cluster in which the cache line will be
placed initially. The low-order bits of the cache index in-
dicate the bank in the cluster into which the cache line will
be placed. The remaining bits of the cache index determine
the location in the cache bank. The tag entry of the cluster is
also updated when the cache line is placed. The placement
policy can only be used to determine the initial location of
a cache line as when cache lines start migrating, the lower
order bits of the cache tag can no longer indicate the cluster
location. Finally, we use a pseudo-LRU replacement policy
to evict a cache line to service a cache miss.

4.2.3 Cache Line Migration Policy

Similar to prior approaches, our strategy attempts to migrate
data closer to the accessing processor. However, our policy
is tailored to the 3D architecture and migrations are treated
differently based on whether the accessed data lies in the
same or different layer as the accessing processor. For data
located within the same layer, the data is migrated gradually
to a cluster closer to the accessing processor. When mov-
ing the cache lines to a closer cluster, we skip clusters that
have processors (other than the accessing processor) placed
in them since we do not want to affect their local L2 access
patterns and get the cache lines to the next closest cluster

without a processor. Eventually, if the data is accessed re-
peatedly by only a single processor, it migrates to the local
cluster of the processor. Figure 12(a) illustrates this intra-
layer data migration.

For data located in a different layer, the data is migrated
gradually closer to the pillar closest to the accessing proces-
sor (see Figure 12(b)). Since clusters accessible through the
vertical pillar communications are considered to be in local
vicinity, we never migrate the data across the layers. This
decision has the benefit of reducing the frequency of cache
line migrations, which in turn reduces power consumption.

To avoid false misses (misses caused by searches for data
in the process of migration), we employ a lazy migration
mechanism as in CMP-DNUCA [2].

S Experimental Evaluation

5.1 Methodology

We simulated the 3D CMP architecture by using Sim-
ics [24] interfaced with a 3D NoC simulator. A full-system
simulation of an 8-processor CMP architecture running So-
laris 9 was performed. Each processor uses in-order issue
and executes the SPARC ISA. The processors have private
L1 caches and share a large L2 cache. The default config-
uration parameters for processors, memories and Network-
in-Memory are given in Table 4. Some of the parameters
in this table are modified for studying different configura-
tions. The shown cache bank and tag array access latencies
are extracted using Cacti 3.2 [32].

To model the latency of the three-dimensional, hybrid
NoC/bus interconnect, we developed a cycle-accurate simu-
lator in C, based on an existing 2D NoC simulator [21]. For
this work, the 2D simulator was extended to three dimen-
sions, and the dTDMA bus was integrated as the vertical
communication channel. The 3D NoC simulator produces,
as output, the communication latency for cache access.

In our cache model, private L1 caches of different pro-
cessors are maintained coherent by implementing a dis-



Table 4. Default system configuration param-
eters (L2 cache is organized as 16 clusters of
size 16x64KB).

Processor Parameters
Number of Processors | 3
Issue Width | 1
Memory Parameters
L1 (split I/D)

64KB, 2-way, 64B line, 3-cycle, write-through

L2 (unified) 16MB (256x64KB), 16-way, 64B line, 5-cycle bank access
Tag Array (per cluster) 24KB, 4-cycle access

Memory 4GB, 260 cycle latency

Network Parameters

Number of Layers 2

Number of Pillars 8

Routing Scheme Dimension-Order

Switching Scheme ‘Wormbhole
Flit Size 128 bits
Router Latency 1 cycle

tributed directory-based protocol. Each processor has a di-
rectory tracking the states of the cache lines within its L1
cache. L1 access events (such as read misses) cause state
transitions and updates to directories, based on the MSI pro-
tocol. The traffic due to L1 cache coherence is taken into
account in our simulation.

We simulated nine SPEC OMP benchmarks [33] with
our simulation platform. These benchmarks are listed in
Table 5'. For each benchmark, we marked an initialization
phase in the source code. The cache model is not simulated
until this initialization completes. This is reflected as the
fastforward cycles for each benchmark shown in the sec-
ond row of Table 5. After that, each application runs 500
million cycles for warming up the L2 caches. We then col-
lected statistics for the next 2 billion cycles following the
cache warm-up period. The third row in Table 5 gives the
total number of L2 cache accesses (including data read, data
write, and instruction fetch) within the sampling period for
each benchmark. We see that the benchmarks mgrid, swim
and wupwise exhibit many more L2 accesses than the oth-
ers, as a result of higher L1 miss rates.

5.2 Results

We first introduce the schemes compared in our exper-
iments. We refer to the scheme with perfect search from
[2] as CMP-DNUCA. We name our 2D and 3D schemes
as CMP-DNUCA-2D and CMP-DNUCA-3D, respectively.
Note that our 2D scheme is just a special case of our 3D
scheme discussed in the paper, with a single layer. Both of
these schemes employ cache line migration. To isolate the
benefits due to 3D technology, we also implemented our 3D
scheme without cache line migration, which is called CMP-
SNUCA-3D.

Our first set of results give the average L2 hit latency
numbers under different schemes. The results are presented
in Figure 13. We observe that our 2D scheme (CMP-
DNUCA-2D) generates competitive results with the prior

'We could not run the remaining two SPEC OMP benchmarks through
Simics due to a memory leak problem.
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Figure 13. Average L2 hit latency values under
different schemes.
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Figure 15. IPC values under different schemes.

2D approach (CMP-DNUCA [2]). Our 2D scheme shows
slightly better IPC results for several benchmarks because
we place processors not on the edges of the chip, as in CMP-
DNUCA, but instead surround them with cache banks as
shown in Figure 12. Our results with 3D schemes reiter-
ate the expected benefits from the increase in locality. It is
interesting to note that CMP-SNUCA-3D, which does not
employ migration, still outperforms the 2D schemes that
employ migration. On the average, L2 cache latency re-
duces by 10 cycles when we move from CMP-DNUCA-
2D to CMP-SNUCA-3D. Further gains are also possible in
the 3D topology using data migration. Specifically, CMP-
DNUCA-3D reduces average L2 latency by 7 cycles as
compared to the static 3D scheme. Further, we note that
even when employing migration, as shown in Figure 14, 3D



Table 5. Our benchmarks.

Benchmarks ammp apsi art equake fma3d galgel mgrid swim wupwise
Fastforward (Million Cycles) 3,633 4,453 3,523 21,538 18,535 3,665 3,533 4,306 18,777
Number of L2 Transactions 24,508,715 27,013,447 25,638,435 27,502,906 12,599,496 38,181,613 204,815,737 164,762,040 141,499,738
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latency values under dif-
ferent schemes.

exercises it much less frequently compared to 2D, due to
the increased locality (see Figure 8). The reduced number
of migrations in turn reduces the traffic on the network and
the power consumption. These L2 latency savings trans-
late to IPC improvements commensurate with the number
of L2 accesses. Figure 15 illustrates that the IPC improve-
ments brought by CMP-DNUCA-3D (CMP-SNUCA-3D)
over our 2D scheme are up to 37.1% (18.0%). The IPC im-
provements are higher with mgrid, swim and wupwise since
these applications exhibit higher number of L2 accesses.

We next study the impact of larger cache sizes on our
savings using CMP-DNUCA-2D and CMP-DNUCA-3D.
When we increase the size of the L2 cache, we increase the
size of each cluster, while maintaining the 16-way associa-
tivity. Figure 16 shows the average L2 latency results with
32MB and 64MB L2 caches for four representative bench-
marks (art and galgel with low L1 miss rates and mgrid and
swim with high L1 miss rates). We observe that L2 laten-
cies increase with the large cache sizes albeit at a slower
rate with the 3D configuration (on average 7 cycles for 2D
versus 5 cycles for 3D), indicating that 3D topology is a
more scalable option when we move to larger L2 sizes.

Next we make experiments by modifying some of the
parameters in the underlying 3D topology. The results with
the CMP-DNUCA-3D scheme using different numbers of
pillars to capture the effect of the different interlayer via
pitches are given in Figure 17. As the number of pil-
lars reduces, the contention for the shared resource (pil-
lar) increases to service interlayer communications. Conse-
quently, average L2 latency increases by 1 to 7 cycles when
we move from 8§ to 2 pillars. Also, when the number of lay-
ers increases from 2 to 4, the L2 latency decreases by 3 to 8
cycles, primarily due to the reduced distances in accessing
data, as illustrated in Figure 18 for the CMP-SNUCA-3D
scheme. Howeyver, it needs to be recalled that the additional
layers impose a higher thermal cost as has been shown in
Table 3.

number of pillars (the CMP-
DNUCA-3D scheme).

number of layers (the CMP-
SNUCA-3D scheme).

6 Conclusions

Three dimensional circuits and Networks-on-Chip
(NoC) are two emerging trends for mitigating the growing
complexity of interconnects. In this work, we have demon-
strated that combining on-chip networks and 3D architec-
tures can be a promising option for designing large L2 cache
memories for chip multiprocessors. Specifically, this paper
has proposed a novel hybrid bus/NoC fabric to efficiently
exploit the fast vertical interconnects in 3D circuits, dis-
cussed processor placement and L2 data management is-
sues, and presented an extensive experimental evaluation of
the proposed architecture as well as its comparison to 2D
L2 cache designs. Experiments have been performed us-
ing a novel simulation framework that integrates a 3D NoC
simulator for L2 caches with a system level multi-CPU sim-
ulator. Our experiments have shown that the proposed 3D
architecture reduces average L2 access latency significantly
over 2D topologies and this in turn brings IPC benefits. In
addition, our results have shown that moving from a 2D
topology to a 3D topology can provide more latency reduc-
tion than incorporating sophisticated data migration strate-
gies into the 2D topology. We have also demonstrated that
the placement of processors needs to be done with care, tak-
ing into account the thermal issues. Furthermore, we have
shown that the bandwidth of the vertical interconnections
(captured by varying the number of pillars) has a signifi-
cant impact on the L2 cache latencies. Overall, the results
of this paper emphasize the importance of considering 3D
technology in designing future chip multiprocessors.
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