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Abstract

With the major advances in process technology, sev-
eral processors, and more sophisticated cache hierar-
chy, can be embedded on-chip. This opens the door
for many interesting and challenging opportunities, by
providing high on-chip bandwidth.

Howewver, the off-chip bandwidth becomes a bottle-
neck, due to the contention on the system bus, the
limited number of pins imposed by packaging, and the
contention on those pins from the on-chip processors.
This negatively affects the whole system performance.

In this paper, we present several techniques to
solve the cache-to-memory traffic problem. The
first technique, called bandwidth management,
predicts the time at which the cache block will no
longer be written before replacement, and write it
back to the memory, if it is dirty, at time of low
traffic. Hence, when the block is being replaced, it
will be clean and the replacement will be done much
faster. The other technique, called bandwidth
saving, deals with detecting values that are dead,
and hence do not need to be written to the memory
altogether, resulting in reduced traffic to the memory,
and faster block replacement. The results show that
bandwidth management reduced the writeback-rate,
and the bandwidth saving cleared more than 30% of
the dirty blocks.

Keywords: cache memory, bandwidth, com-
piler, prediction

1 Introduction

The advances in process technology have resulted in
a huge transistor budget available per chip. One of
the main uses of this huge budget is to have several
processors and several levels of cache memory on-chip.

However, the cache memory performance is not de-
livering the required performance. This is due to
many reasons, such as the changing cache require-
ments (block size, associativity, etc.g) across appli-
cations, or throughout the lifetime of a single appli-
cation. One important reason which prohibits the in-
crease in cache performance, is the traffic between a
cache in a certain level and the cache in the lower level,
or the main memory. This traffic increases substan-
tially with the increase in the number of processors on
chip, as well as with the increasing usage of prefetch-
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ing techniques [8]. Traffic optimization between cache
memories and main memory becomes crucial. The
cache memory traffic depends on two main policies,
the write through policy, and the write back policy.
Each one of these policies has its own pros and cons.

The write back policy, which is the one widely used,
is less memory intensive. That is, it tries to mini-
mize the bandwidth requirement, by writing back the
dirty blocks only at replacement. This means multi-
ple cache writes may result in a single memory write.
Moreover, the write is done at cache speed, thus it is
fast. However, the write back policy results in slow
context switching, in case of multiprogramming envi-
ronment. Furthermore, the memory is not always con-
sistent with the cache, which is important, not only
in multiprocessor systems, but in single-processor sys-
tems also, when some DMA devices make checks on
the memory. Finally, a single read miss to the cache
may cause a write to the main memory, or to the lower
level cache.

On the other hand, the write through policy makes
the cache always consistent with the memory. The
read miss never results in write operation. Further-
more, the write through policy is easy to implement.
However, the bandwidth requirement is huge, which
can lead to high power consumption as well as severe
bus contention. Another important drawback of the
write through policy, is that the write operation it-
self is slow. This mainly is due mainly to write buffer
overflow.

In the writeback scheme, if the system bus is con-
gested, the buffer gets filled quickly, leading to loss in
performance. The system bus can get congested be-
cause it is not used by the processor alone, some DMA
devices, and some devices like the graphics adapter
use the system bus, leading to congestion.

Therefore, we need a new policy that can make bet-
ter use of the bandwidth, while maintaining the ad-
vantages of both schemes.

In this paper, we present two main techniques for
enhancing the cache memory traffic. We try to opti-
mize the cache-to-memory traffic using two ways:

e Making use of the idle bus cycles to send back
the dirty blocks to memory, hence optimizing the
traffic by better bandwidth management.

e Using the compiler to find the dead values, and
therefore they are not written back to memory,
since they will not be referenced again. This tech-
nique is optimizing the traffic using bandwidth



saving.

The first technique, predicts when a block will not be
written again before replacement. Using this informa-
tion, the block is written back to the memory or the
lower level cache when the bus is not heavily used,
and this does not happen in the critical path, so it
does not affect the overall performance. The second
technique, detects that a specific value will be dead
after a certain instruction, thus, will not need to be
written back in case of replacement.

The rest of the paper is organized as follows. Sec-
tion 2 gives an overview of the related work. Band-
width Management is presented in Section 3. The
dead value detection techniques are discussed in Sec-
tions 4 and 5. Experimental results are shown in Sec-
tion 6. Finally, Section 7 concludes and summarizes
the paper.

2 Related Work

Increasing hit rate or reducing miss penalty has been
the main path taken by researchers to deliver the best
performance. Victim cache 511] is one of the earliest
attempts to do that, followed by many improvements
[1][5]. The authors in [13] in proposed a way of us-
ing the holes in the direct-mapped cache to decrease
conflict misses. In [12], the authors predict a miss
and abort the cache access. In L14], the authors pro-
posed to partition the first level data cache for clus-
tered microarchitectures, in order to be able to pro-
vide the timely bandwidth required with the increased
frequency.

Some work has been done in dead value detection
for register values [4], by detecting dynamic instruc-
tion instances that generate unused results.

A lot of work has been done that focus on com-
piler analysis and optimization to improve the cache
performance [6, 10, 9, 7]. All this work body tries to
reduce cache misses by improving data locality. The
compiler does so either by placing the data efficiently
in memory [6, 10, 9] or by changing the memory access
order to improve the temporal and spatial locality.

3 Bandwidth Management

The main idea of bandwidth management is to pre-
dict the number of writes to a cache block before a
replacement. When this number is reached, the block
is written back to the main memory or the lower level
cache, when the bus is idle or an entry is available
in the write buffer, if it is dirty, without waiting for
the block to be replaced. Therefore, when the time
comes for replacing the block, it will be clean and the
replacement will be done faster. The whole operation
is done outside the critical path, so that the overall
system performance is not affected. Besides, a mis-
prediction of the number of writes, will result only in
a small increase in the number of writes to the mem-
ory or the cache. We found that this small increase is
much smaller than a write through. We have imple-
mented this idea in two different methods.

The first method depends on a Lazy Write Table
(LWT). Figure 1 shows the design. When a block is
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Figure 1: Bandwidth Management Using LWT Table
(Address Wise Method)

accessed, the LWT is interrogated to predict the num-
ber of writes to that block before it gets replaced. If no
prediction is given, then the conventional write back
policy is used. Whenever a write is done to that block,
a counter associated with that block is incremented.
When the counter reaches the predicted number, the
block is written back to the memory, or lower level
cache. If the block is not replaced, and extra writes
have been done to it, then at the time of its replace-
ment, the LWT entry is updated (i.e. incremented if
the new count is bigger than the value stored in LWT
or decremented if it is smaller) and the counter is re-
set. The LWT table is a small cache, We call this
method address wise (AW), because the prediction is
done based on the address of the block.

Another simpler method is the block wise (BW). In
BW, instead of keeping the prediction in a separate
table, each cache slot is associated with two counters.
The first counter counts the number of writes to that
block since it came into the cache. The other counter
contains the last number of writes to that block be-
fore a replacement. so, the counters are associated
with the cache slot, instead of being in a separate ta-
ble. This has the advantage of adapting to cumulative
effect of several applications in case of several proces-
sors share the cache. This method works as follows. If
the two counters become equal, and the block is dirty,
it is written back. When the block is being replaced,
the first counter is used to update the second counter
(the incremental update similar to the LWT update),
and the first counter is reset.

4 Bandwidth Saving: Dead

Value Detection (DVD)

Cache block replacement can be further optimized by
using the dead value information provided by the com-
piler. The existing write back cache replacement pol-
icy writes the contents of a cache block into the lower
level of memory if the block being replaced is dirty.
However it is possible that the value stored in that
cache block is no longer needed, i.e its last usage has
already taken place. In such a situation we can just



replace that dirty block with another block without
writing the dirty block into higher level.

Sometimes there are multiple writes to a memory
location without any intervening reads. Also lots of
memory locations become dead because of register
spilling, where a value is temporarily stored in mem-
ory from register and then loaded again from memory
to the register just once. Similarly, the stack area that
has been allocated to a particular dynamic instance of
a procedure becomes dead after the procedure returns
to the caller.

Compiler can easily detect the scenarios mentioned
above in a program by using standard data flow tech-
niques. In this paper, we present the compiler algo-
rithm to detect the dead value information. This is
used by the cache to optimize the replacement pol-
icy further. The compiler detects the program points
where a certain value becomes dead and passes the
information to the processor. A cache line becomes
dead when all the bytes in the cache line are either
clean or dead.

4.1 Compiler Algorithm for Dead

Value Detection

In this sub-section we describe the compiler algorithm
for the dead value detection. We have implemented
the compiler algorithm on the program binary. In our
compiler algorithm, we have assumed that all mem-
ory locations are accessed using base addressing mode,
i.e. a memory location is specified by adding an off-
set to the base pointer. This is indeed the case for the
binaries generated by the PISA compiler. In our com-
piler, we have only identified the dead values for mem-
ory locations accessed by three base pointers - global
pointer, stack pointer, and frame pointer, i.e., through
base registers $r28, $r29, $r30 respectively following
MIPS register usage convention. Stack pointers and
frame pointer values are generally computed once at
the beginning of the procedure and kept constant till
the end of the procedure. Similarly, the global pointer
is assigned the value only once at the beginning of the
program and it remains unchanged till the end of the
program. For all other registers used as base pointer
we have adopted a conservative approach.

The overview of the algorithm is given in Algorithm
1. The dead_walue_detection() algorithm works on
one procedure at a time. There is no inter-procedural
analysis. The algorithm starts by building the control
flow graph (CFG) of the current procedure. The pro-
cedure compute_register aliases() finds out whether
a register $r is accessing the same memory area as
pointed to by stack pointer, global pointer or frame
pointer. To make the analysis safe, the compiler al-
gorithm must assume all variables to be live unless
known for sure that the variable is dead. Therefore, if
a load instruction uses register $r as the base pointer,
then we need to know whether $r has been aliased
to stack or the heap area before that load instruc-
tion is executed. For example, an instruction addi
$r6, $sp, 10 will make register $r6 aliased to stack
pointer. Therefore if subsequently a load instruc-
tion uses $76 as the base pointer, then the compiler
needs to ensure that all the locations in the stack be
alive at that load instruction. The procedure com-
pute_register aliases() also verifies whether it is pos-

sible to perform dead value detection analysis for the
current procedure or not. Sometime it may happen
that the base pointer aliases could not be determined
properly or stack pointer and frame pointer values
are changed in the middle of the procedure. In such
circumstance dead value detection analysis is not per-
formed on the procedure, since it may produce incor-
rect information.

After the register aliases are computed, the local
and global symbol tables are created. In our compiler
analysis, we have maintained the information at the
byte level. A variable is created for every memory
byte accessed (read or write) by global, stack or frame
pointers. A variable is identified by the offset and the
base pointer through which it is accessed and these are
constant throughout the procedure since these base
pointers do not change inside the procedure.

After creating the local and global symbol tables,
the read and write sets ! are generated for every in-
struction as shown in Algorithm 1, lines 5 to 32. For
load and store instructions read and write sets are cre-
ated depending on whether they are accessing local or
global variables. We set all the global variables in the
read set of a call instruction, because a called func-
tion can read any global variable. Similarly, if the
stack pointer value is passed as a parameter to the
called function, all local variables are also set in the
read set of the call instruction.

For the live variable analysis, we have implemented
the algorithm described in [2]. For every basic block,
the live variable analysis algorithm computes the set
of variables that are live immediately before the basic
block and also the variables that are live immediately
after the basic block. The only modification done to
that algorithm is that we initialize all global variables
to be live at the exit of the procedure.

After performing the live variable analysis, the
dead value information are computed at the in-
struction level. and the program is annotated with
the dead value information. The pseudo-code for
marking dead values are shown in the procedure
mark_ dead_wvalues(). Only marking of the local vari-
ables are shown in mark dead_wvalues(). The global
variables are processed similarly. A variable z is dead
after an instruction inst reading z in block B, if inst
is the last instruction reading z in B and z is not live
at the exit of B. Also z is dead after instruction inst,
if there is an instruction writing to z in B before any
other instruction reading z. Similarly, a variable z is
dead after an instruction inst writing z in block B, if
no instruction after inst reads z in B and z is not live
at the exit of B. Also z is dead after instruction inst,
if there is an instruction writing to z in B before any
other instruction reading z.

5 Bandwidth Saving: Dead

Stack Detection (DSD)

The dead value detection mechanism can be further
enhanced by detecting the dead program stack loca-
tions in the cache and cleaning those lines on proce-

lread and write sets contain the set of variables read and
written by an instruction respectively.



Algorithm 1 The algorithm for detecting dead values

dead value detection (Procedure P)
1: ¢fg = build_cfg (P);
2: if (compute_register_aliases (cfg) == FALSE) return;

3: create_global_symbol_table(P);

4: create_local_symbol_table(P);

5: for all instruction Zmnstr in P do

6: if (instr.opcode == load) then

7 if (instr.base_reg == GLOBAL_PTR) then

8 var_id = get_var(global_symbol_table, instr);

9: set_var (instr.global_read_set, war_id);

10: else if ((instr.base_reg == ST_PTR) || (instr.base_reg == FR_PTR)) then
11: var_id = get_var(local_symbol_table, instr.);

12: set_var (instr.local_read_set, wvar_id);

13: else if (is_aliased(instr.base_reg, GLOBAL_PTR)) then

14: set_all_vars (instr.global_read_set, global_symbol_table);

15: else if (is_aliased(instr.base_reg, ST_PTR , FR_PTR)) then

16: set_all_vars (instr.local_read_set, local_symbol_ table) ;

17: end if

18: else if (instr.opcode == store) then

19: if (instr.base_reg == GLOBAL_PTR) then

20: var_id = get_var(global_symbol_table, instr);

21: set_var (instr.global_write_set, war_id);

22: else if ((instr.base_reg == ST_PTR) || (instr.base_reg == FR_PTR)) then
23: var_id =get_var(local_symbol_table, instr);

24: set_var (instr.local_write_set, wvar_id);

25: end if

26: else if (instr.opcode == function_call) then

27: set_all_vars (inst’r.global_‘read_set, global_symbol_ta.ble);

28: if (ST_PTR or FR_PTR passed as an argument to the callee ) then
29: set_all_vars (instr.local_read_set, local_symbol_table);

30: end if

31: end if

32: end for

33: live_variable_analysis(cfg);
34: mark_dead_values(cfg);




dure return. In the programs written in languages like
C, a procedure allocates a stack in the memory when
it is instantiated by decreasing the stack pointer. The
stack of the procedure holds the data local to that
procedure. The lifetime of the stack is only limited to
the lifetime of the procedure. Just before the proce-
dure returns, it deallocates the stack by incrementing
the stack pointer. The variables in the stack are dead
after the procedure returns.

Therefore any update made to the cache lines cor-
responding to a procedure’s stack need not be propa-
gated to the lower level after that procedure returns
since the value in that stack will not be used again. So
we can safely mark all the lines in cache corresponding
to a procedure’s stack at the return of that procedure.
This can easily be done by the processor with a help
from the compiler.

In the following subsections we describe the com-
piler support and the hardware mechanism proposed
by us for the dead stack detection.

5.1 Compiler Support for Dead Stack

Detection

Unlike dead value detection, where the compiler has to
detect when a memory location is dead, in dead stack
detection, the compiler has to specify which stack ac-
cesses should outlive the procedure that is accessing
it.

At run time, the stack is mostly accessed by us-
ing the stack pointer (or frame pointer) 2 as the base
pointer. Also, other registers could be used as a
base pointer to access a stack location. To make the
dead stack detection safe, the hardware and the com-
piler assume that only the accesses through the stack
pointer are in the stack segment. All other accesses
are in global® segment.

By default, the processor assumes that all the cache
lines that are accessed because of a memory access
through stack pointer would be dead after the ac-
cessing procedure returns. However, sometimes the
procedure accesses its callers stack by using the stack
pointer. These lines should not be marked clean by
the processor at the return of the procedure. During
compilation the compiler can detect such accesses very
easily. If a stack access uses an index value greater
than the size of its local stack, then compiler anno-
tates that access as a global access and the processor
does not clean that line upon procedure return. In
our compiler, this is done along with the DVD phase.

5.2 Hardware Technique for Dead

Stack Detection

In order to clean a line at a procedure return, the
processor needs to uniquely identify the lines accessed
during stack access. To do that we have introduced
the concept of ownership of a cache line. A cache line
is either owned by the global area or by a dynamic
instance of a procedure. We have added four bits to

2In this work we treat stack and frame pointer in a similar
manner. So any reference to stack pointer also includes frame
pointer.

3We treat heap as a global area

each cache line to store the owner’s identifier (id). A
cache line is cleaned when its owner procedure returns.

Call depth is used to identify a dynamic instance
of a procedure since at any one point of time there
is only one procedure at a certain call depth. The
global area is at depth 0 and procedure main() of a
program is at depth 1 and so on. We have used a
special 16 bit counter called call depth counter for
this purpose. At the start of a program execution,
call depth counter is initialized to 1. During ex-
ecution, when a procedure call is encountered, the
call _depth counter is incremented by 1. Similarly
at procedure return the call depth counter is decre-
mented by 1.

When aload or store instruction using stack pointer
is executed by the processor and the instruction not
annotated as a global access by the compiler, the pro-
cessor sends the accessing procedures id to the cache
along with the other information. Otherwise the own-
ership id value of 0 is sent to the cache to denote it
as an access to the global area. Since we have only
used 4 bits in the cache line ownership field and there
are 16 bits in the call depth counter, if the counter
value is greater than 15, the value 15 is passed to the
cache as the ownership id.

If the access results in a cache miss, then the proce-
dure id is written in the ownership field of the cache
line. In case of a cache hit, if the ownership value
in the cache line is less than the ownership id sent
to the cache, then the existing ownership of that line
is not changed. Because the line is already owned
by the global area or by a procedure with less depth
(i.e. higher in the calling chain) and the line should
be cleaned only when that procedure returns (which
would be later than the return of the current proce-
dure). Otherwise the ownership field is updated with
the procedure id.

At procedure returns, all the lines owned by the
returning procedure are marked clean. This is done
in a linear scan through the whole cache and since this
is outside the critical path of the processor, it will not
affect the cache access time or cycle time. Also in a
linear scan, the hardware cost is not much. In the
worst case, some line may get replaced or ownership
may get changed before the line is cleaned. This will
not affect the correctness of the execution.

5.3 Correctness of Dead Stack Detec-
tion Mechanism

First of all, our scheme handles the condition that a
procedures stack can share a cache line with other pro-
cedures’ stack or with the global area. The correctness
of the above scheme is based on the observation that
a dirty line is owned by the procedure that will be re-
turning last. A procedure will never get the ownership
of a line marked dirty by its predecessor or a global.
If a line has an owner that has higher id value than
that of the currently executing procedure, then that
procedure has already returned and no longer exists.
Because at any point of time, the currently executing
procedure is the at the greatest depth among the pro-
cedures that are alive at that moment. So it is safe to
get the ownership of that line.

Also note that it is not needed to store the lines

ownership information at the next level. Consider



that procedure A owns a line X and then modifies
it. Procedure A calls procedure B and B gets a cache
hit for X and modifies the same line X. However the
ownership of X still remains with A and the line will
be marked clean only when A returns. On the other
hand, it might happen that before B accesses X, it
gets replaced from the cache. In that case, the mod-
ification made by A will be written to the next level.
Now when B accesses X, a cache miss will occur and B
brings the line again in cache and gets the ownership.
Now when B returns, the line is marked clean. This
will not cause any error since modifications made by
A is already updated in the higher level.

Also note that, when the call depth counter value
exceeds 15, all the cache lines accessed by the proce-
dure stacks, who are at a depth greater than 15, will
be cleaned when the procedure at depth 15 returns.

6 Experimental Evaluation

6.1 Experimental Methodology and
Setup

For microarchitectural simulations, we modified the
out-of-order processor simulator of the Simplescalar
tool set [3], with PISA (portable ISA) instruction
set, to simulate the proposed techniques. A post-
compilation step is done to insert the generated dead-
value information in the binary.

We used the integer and floating point bench-
marks from SpecCPU2000 suite with reference input.
The benchmarks have been compiled using the Sim-
plescalar gcc with the optimizations specified in the
makefile provided with the suite. Each benchmark
is simulated for 500M instructions after skipping the
startup phase as indicted in [1'5J We have used a sin-
gle LWT table. The table is 1K 4-way set associative
cache. The counters are saturating counters of 5 bits
each (for the AW method).

Bandwidth management is used in both cache levels
(L1 data and shared L2), in order to manage the traf-
fic between caches as well as between the lowest level
cache and the main memory. Bandwidth saving tech-
niques are used in the nearest cache to the processor,
in order to save the traffic going down the hierarchy.

The rest of the simulator parameters are left with
their default values.

6.2 Results of Bandwidth Manage-
ment

The following set of experiments show the write back
rate at the data. The write back rate ( number of
write back divided by the number of references ), is
an appropriate metric in our case, because it gives an
idea about the traffic to the memory. Higher write
back rate means more bandwidth requirement.

As can be seen from Table 1, the AW (Address
Wise) and BW (Block Wise) are doing better than
the write back policy. This is because the early write
of a block changes the usage of the block than a con-
ventional write back, and hence the LRU (Least Re-
cently Used) replacement policy is positively affected
by AW and BW. BW is doing a little better than the

address wise. This is because is has a lower prediction
rate than the address wise.

6.3 Results of Dead Value Detection

In this section we report the results for DVD and
DSD. In Table 2, we report the percentage of times
a dirty cache line is cleaned by using either or both
of these methods. Column two contains total number
of writes into L1 cache during the program execution
without any of the optimization. The percentage of
times a dirty cache line has been cleaned by DVD,
DSD and both are shown in the table. We further
break down the combined results into contribution of
DVD and DSD.

From the table 2 we see that in most benchmarks
the performance of DVD is much better than that
of DSD. Because DSD is much conservative. All
stack accesses through other registers are considered
as global area. Also if the line is shared between a
caller and callee, then it is not cleaned before caller
returns by the time the line may get replaced. More
detailed register alias analysis could give better im-
provement for DSD.

DVD is showing a good performance. This implies
that the compiler could identify the dead values prop-
erly and also this could be effectively used for reducing
cache traffic. DVD could identify the dead global vari-
ables which DSD cannot. In case of combined scheme,
DVD cleans most of the lines before could get a chance
to clean them. Therefore we see that in most of the
cases in the combined scheme DVD retains its perfor-
mance.

7 Conclusions

In this paper, we have discussed some techniques for
optimizing the traffic between different levels of cache
memories, as well as between the cache memory and
the main memory. We have shown that the lazy write
technique can combine the benefits of both the write
through as well as the write back policies. Moreover,
compiler techniques were able to clear a lot of dirty
blocks without the need to use any bandwidth at all.

The future work includes the study of the effect of
the proposed techniques on the traffic by simulating
system bus congestion.
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