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generation and amplification. This not only
increases the area requirement per bit, but it
also assigns a fixed cost in terms of both
delay and power for each bit traversal. In
spite of these issues, the power savings
possible through low-swing signaling make
it an attractive design choice. (The detailed
methodology for the design of low-swing
wires and their overhead is described
elsewhere.2)

We can also use low-swing wires within
moderately sized UCA organizations. CAC-
TI’s prior versions model a large cache by
partitioning it into multiple subarrays,
connected with an H-tree network. This
enables uniform access times for each bank
and simplifies the pipelining of requests
across the network. Because we can’t
pipeline low-swing wires and they better
amortize the transmitter and receiver over-
head over long transfers, instead of the H-
tree network, we adopt a collection of
simple broadcast buses that span all the
banks (each bus spans half the banks in a
column of subarrays).

As an example of the power-delay trade-
offs made possible by CACTI, we can
demonstrate a design space exploration for
the 16-Mbyte UCA cache in Figure 2.
Figure 2a shows a power-delay curve in
which each point graphed represents one of
the many hundreds of cache organizations
CACTI 5.0 considers while employing a
single wire type (global wire with delay-
optimal repeaters). The light gray points in
Figure 2b represent cache organizations
with power-optimized global wires consid-
ered by CACTI 6.0. The black points in
Figure 2b represent the cache organizations
that use low-swing wires.

This detailed design space exploration
reveals cache organizations that can con-
sume three times less power while incurring
a 25 percent delay penalty.

Leveraging interconnect choices for
performance optimizations

Most of the CACTI tool extensions we’ve
discussed so far pertain to detailed inter-
connect models that represent the dominant
contributors to cache access delay and
power. Because interconnects are the pri-
mary bottleneck, we believe that researchers

will actively study interconnect optimiza-
tions in the coming years. CACTI 6.0
facilitates such research by making the
interconnect’s contribution more explicit
and incorporating various interconnect
models. Using a case study of the tool’s
features, we can show how an architect can
improve the design of the interconnect
fabric employed for cache access.

Specifically, we present several techniques
that leverage the special characteristics of
fast L wires to improve overall processor
performance. Delays within the router
represent another major component of
cache access time. Although we don’t
propose any changes to a router’s micro-
architecture, one of our proposals attempts
to reduce the number of routers and hence
its effect on access time.

Consistent with most modern implemen-
tations, we assume that each cache bank
stores the tag and data arrays and that all the
ways of a set are stored in a single cache
bank. For most of the discussion, we also
assume that there’s enough metal area to
support a baseline interbank network that
accommodates 256 data wires and 64
address wires, all implemented as mini-
mum-width wires on the 8X metal plane.

Early lookup
We can leverage L wires for low latency,

but they consume eight times the area of a B
wire on the 8X metal plane. A 16-bit L-
network implementation will require that
128 B wires be eliminated to maintain
constant metal area. Consider the following
heterogeneous network that has the same
metal area as the baseline: 128 B wires for
the data network, 64 B wires for the address
network, and 16 additional L wires.

In a typical cache implementation, the
cache controller sends the complete address
as a single message to the cache bank. After
the message reaches the cache bank, it starts
the lookup and selects the appropriate set.
The tags of each block in the set are
compared against the requested address to
identify the single block that is returned to
the cache controller. The address’s least
significant bits (LSB) are on the critical path
because they are required to index into the
cache bank and select candidate blocks. The
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the bandwidth demands on the address
network at the cost of higher bandwidth
demands on the data network. Our results
show this is a worthwhile trade-off.

Clearly, depending on the application’s
bandwidth needs and the available metal
area, any one of these three design options
might perform best. The point here is that
the choice of interconnect can have a major
impact on cache access times and is an
important consideration in determining an
optimal cache organization.

Hybrid network
The delay-optimal cache organization

selected by CACTI 6.0 often employs
global B wires for data and address transfers.
Our previous discussion makes the case that
different types of wires in the address and
data networks can improve performance.
Hence, the CACTI tool facilitates architec-
tural innovation and exposes avenues for
additional optimizations within the network
architecture. If we use fat L wires for the
address network, it often takes less than a
cycle to transmit a signal between routers.
Therefore, part of the cycle time is wasted
and most of the address network delay is
attributed to router delay. Hence, we
propose an alternative topology for the
address network. By using fewer routers,
we can take full advantage of the low-
latency L network and lower the overhead
from routing delays. The corresponding
penalty is that the network supports a lower
overall bandwidth.

Figure 3 shows the proposed hybrid
topology to reduce the routing overhead
in the address network for uniprocessor
models. The address network is now a
combination of point-to-point and bus
architectures. Each row of cache banks is
allocated a single router, and these routers
are connected to the cache controllers with a
point-to-point network composed of L
wires. The cache banks in a row share a
bus composed of L wires. When a cache
controller receives a request from the CPU,
the address is first transmitted on the point-
to-point network to the appropriate row
and then broadcast on the bus to all the
cache banks in the row. Each hop on the
point-to-point network takes a single cycle

(for the 43 4-bank model) of link latency
and three cycles of router latency. The
broadcast on the bus doesn’t suffer from
router delays and is only a function of link
latency (two cycles for the 43 4-bank
model). Because the bus has a single master
(the router on that row), there are no
arbitration delays involved. If the bus
latency is more than a cycle, the bus can
be pipelined.8 For the simulations in this
study, we assume that the address network is
always 24 bits wide (as in option C) and the
aggressive-lookup policy is adopted—that
is, blocks with partial tag matches are sent
to the CPU cache controller. As before,
the data network continues to employ the
grid-based topology and links composed of
B wires (128-bit network, just as in option
C).

A grid-based address network (especially
one composed of L wires) suffers from huge
metal area and router overheads. Using a
bus composed of L wires helps eliminate the
metal area and router overhead, but it
causes an inordinate amount of contention
for this shared resource. The hybrid topol-
ogy that employs multiple buses connected
with a point-to-point network strikes a
good balance between latency and band-
width because multiple addresses can simul-
taneously be serviced on different rows.
Thus, in this proposed hybrid model, we
introduce three forms of heterogeneity:
different types of wires in data and address
networks, different topologies for data and
address networks, and different architec-
tures (bus-based and point-to-point) in
different parts of the address network.

Evaluation
We evaluated the proposed models in a

single-core processor and an eight-core
CMP. Both uniprocessor and CMP employ
a 32-Mbyte L2 cache, with the L2 shared
among all cores in the CMP model. (See
related work for detailed evaluation meth-
odologies and workload choices.1,2)

Table 1 summarizes the behavior of
processor models with eight different cache
configurations. The first six models help
demonstrate the improvements from our
most promising novel designs, and the last
two models show results for other design
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