
Proc. Int. Symp. on Parallel and Distributed Processing, October 1996, New Orleans, LA.
c
1996 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or

promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted

component of this work in other works must be obtained from the IEEE.

Comparison of Two Storage Models in Data-Driven Multithreaded

Architectures �

Murali Annavaram and Walid A. Najjar

Department of Computer Science

Colorado State University

Fort Collins, CO 80523 USA

fnajjar,annavarag@cs.colostate.edu

Abstract

Multithreaded execution models attempt to combine

some aspects of data
ow-like execution with von Neu-

mann model execution, with the objective of masking

the latency of inter-processor communications and re-

mote memory accesses in multiprocessors. An im-

portant issue in the analysis and evaluation of mul-

tithreaded execution is the design and performance of

the storage hierarchy.

Because of the sequential execution of threads, the

locality of access within an executing thread can be ex-

ploited using registers and cache. At the inter-thread
level, however, the locality of accesses to memory and

its e�ect on the cache is not yet well understood. Two

storage hierarchy models, that attempt to capture and

exploit this locality, are described and evaluated in this

paper.

1 Introduction

The foremost bene�ts of multithreading are the
increased processor utilization realized by dynami-
cally switching among ready threads at run-time and
thereby its ability to mask memory and communica-
tion latencies. A consequence of this dynamic thread
scheduling may be a loss of locality of access to the
data storage, thus reducing the e�ectiveness of a tra-
ditional cache scheme.

Two mechanisms have been proposed to alleviate
the loss of locality in the data accesses: The �rst
method relies on static scheduling of threads to make
the execution more predictable, the amount of locality
that may be exploited by the cache is increased. This
is the method adopted in TAM [CSS+91], whereby
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related threads are scheduled statically whenever fea-
sible thus increasing the amount of locality available
beyond a single thread. An orthogonal approach is to
design e�cient storage schemes that can make use of
the locality available, both the intra-thread and the
inter-thread locality. Such a mechanism is described
in [RN95].

This paper examines the performance of two stor-
age models for dynamically scheduled non-blocking
threads: the frame-based and framelet-based models.
The Frame model relies on a traditional cache design
that is associated with an ETS-like (Explicit Token
Store [CP90]) frame storage mechanism. Each frame
consists of memory for the inputs and synchronization
slots for a set of threads that belong to the same code
block. The Framelet model relies also on traditional
cache design except that the each framelet corresponds
to storage required for only one thread. The framelet
also has a synchronization slot corresponding to the
thread. Hence we can consider a Framelet model as
special case of Frame model where each frame holds
only one thread.

The multithreaded execution model and the two
memory models are described in Section 2. The exper-
imental framework used in the evaluations is discussed
in Section 3, with the results and their analysis given
in Section 4. Related works are discussed in Section 5
and concluding remarks are given in Section 6.

2 Execution and Storage Models

The multithreading execution model used in this
paper is based on a data-driven dynamic scheduling
of threads. Threads are non-blocking: once a thread
starts executing, it runs to completion without switch-
ing to another thread. A thread is enabled when all

the inputs to the thread are available. Threads are



generated statically: to each thread is speci�ed the
number and type of the input data values as well as
the thread(s) to which it sends result values, speci�ed
in terms of the thread number and o�set. The input
data set consists of the data values that the thread
will need to complete the execution. Within a thread
all temporary values are stored in registers and do not
live across threads.

A code-block [Ian90] represents a semantically dis-
tinguishable code segment such as a loop or function
body. There will usually be several static threads in a
code-block. A context (often referred to as a \color")
represent a dynamic instance of a code block and
distinguishes multiple dynamic instances of a thread.
Data values along with the context information are
carried in tokens. The thread enabling condition is
detected by the Synchronization Unit which matches
all the input tokens to a particular instance of the
thread. In the benchmark programs used (see Sec-
tion 3) the thread size ranges from 10 to 30 instruc-
tions. Global scheduling and load balancing across
processors is achieved by a simple hashing of the con-
text information.

The Architectural Model. The basic organiza-
tion of a processing node is shown in Figure 1, it is sim-
ilar to a basic data
ow machine organization1. The
Execution Unit executes ready threads which generate
new data values that are forwarded by the Synchro-

nization Unit to the destination threads. When all
the data inputs to a thread are available, it is enabled
to execute. The Instruction Memory stores thread in-
structions and the Frame or Framelet Store stores the
data values that are inputs to pending (not ready)
threads. The Ready Queue contains continuations rep-
resenting those threads that are ready to execute. A
continuation consists of a pointer to the starting ad-
dress of the thread code and another to the frame or
framelet containing the data values associated with
that thread. A number of these processing nodes may
be connected by an interconnection network to form a
multiprocessor.

The two storage models discussed in this paper
rely on this same architecture, their di�erences lie in
the organization of the Synchronization Unit and the
Frame or Framelet Store.

The Frame Model and Operation. A frame rep-
resents a storage segment associated with each invoca-
tion of a code-block. All the threads within the code-
block will use the associated frame to store data val-

1For the sake of brevity, other components not germane to

this study, such as the globally distributed data structure mem-

ory, are not shown.
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Figure 1: Abstract Model of a Processing Node.

ues. This model is used in several multithreaded mod-
els (e.g. TAM [CSS+91], StarT-NG [AAC94] and the
EM-4 and EM-X [KSS+95]). Frames are of variable
size and contiguously allocated in the virtual address
space. The size of a frame is determined based on the
maximum number of data values associated with the
code block.

When an instance of a particular code-block is in-
voked, a frame is �rst allocated in a given processor
and all the tokens generated within that code-block
instance will be stored in that frame. The virtual ad-
dress carried by a token is of the form:

<frame pointer, frame o�set>

The cache organization is that of a conventional
set-associative write-through cache. Because of the
variable frame size, a cache block could hold contents
of more than one frame (or less than a frame). A syn-
chronization slot in the frame is associated with each
thread. Whenever an active thread sends a result to
more than one thread belonging to the same frame
only one copy of the value is stored in the frame. But
the synchronization slots associated with each thread
that utilizes this value is decremented. This process
of decrementing the counters and storing the values in
the frame is done either by the thread that is sending
the token or by a special thread called inlet as used in
TAM [CSS+91]. When the synchronization slot of a
thread becomes zero the corresponding thread in the
frame is enabled. When a thread is enabled a corre-
sponding continuation is placed on the Ready Queue.



The content of the frame is accessed by the Execu-
tion Unit via a read-only cache. Tokens generated by
the thread are sent to the Synchronization Unit to get
written in the frame. The frame is deallocated when
all the threads in the code-block have terminated.

A code-block consisting of three threads is shown
in Figure 2. The corresponding frame memory model
is shown in the Figure 3. The input z which is used
by both threads A and B is stored at only one place
in the frame memory. Each of the values in the frame
memory is accessed by the frame base address and
the o�set into the frame. The �rst three slots are
the counters for the three threads. Thus when the
value y is stored only Counter A is decremented. But
when z is stored both Counter A and Counter B are
decremented but only one copy of z is stored in the
frame.

The Framelet Model and Operation. The
Framelet model also relies on a conventional set-
associative write-through cache. A framelet is asso-
ciated with each thread activation. Each framelet has
one synchronization slot corresponding to the thread.
This can be visualized as Frame model of execution
where every frame represents a single thread, instead
of representing a code block.

In the Framelet model if a thread sends a token
which will be used by more than one thread then mul-
tiple copies of this value(multiple tokens) are sent to
di�erent framelets associated with the threads. Every
token also accesses the counter corresponding to the
framelet and decrements it. When the count reaches
zero, the thread is enabled to execute. The virtual
address of a token in Framelet model is of the form:

<context #, thread #, framelet o�set>

The Framelet model corresponding to the code
block in Figure 2 is shown in Figure 4. There are

three separate framelets for each of the threads A, B,
C. Each framelet contains the counter for the cor-
responding thread. Each framelet contains a memory
location for all the inputs to the corresponding thread.
Hence framelet A corresponds to one particular acti-
vation of thread A. The z is stored in the framelets of
both threads A and B and both counters are decre-
mented. This accomplished as two separate store op-
erations.

Discussion of the Models. The main di�erence
between the Frame model and Framelet model of exe-
cution is the token duplication. The Framelet model
does require that variables that are shared by several
threads within a code block be replicated to all these
threads while in the Frame model these variables are
allocated only once in the frame.
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Figure 2: Code block with Three threads.
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The advantage of Framelet model is that it is possi-
ble to design special storage schemes [RN95] that can
take advantage of the locality of the inter-thread and
intra-thread locality. But to make a fair comparison
between Frame and Framelet model in this paper we
restrict ourselves to using the traditional cache scheme
for our simulations(see Section 3).

The amount of duplication between the Frame and
Framelet models is shown in Table 1. The size of the
traces in the frame or Framelet model di�er by less
than 4%. The main advantage of the Frame model
is the reduction in the number of tokens sent. But
from the table is is clear that such a decrease in the
number of tokens is very small. This indicates there
is not much sharing of tokens between the threads of
the same frame.

3 Experimental Framework

The evaluation of the storage models is based on
trace-based simulation. The traces are obtained from
the simulated execution of the benchmarks using both
frame and framelet based execution.

Trace Generation and Simulation. The traces
are generated based on the following architectural pa-
rameters: a 4-way issue super-scalar CPU execution
unit per processor.

The simulator output is a dynamic token trace, one
per processor. Each processor trace is simulated sepa-
rately and the results averaged. The average variance
in the trace size among the ten processor traces for
all benchmarks used is 1.5% which indicates a very
reasonable load balance among the processing nodes.
The storage hierarchy simulation uses DineroIII both
for the frame based model and the Framelet model.

A wide range of cache associativities (direct-
mapped, 2-way, 4-way, 8-way and fully-associative) is
used for both trace simulators. The cache sizes range
from 4 KB to 256 KB per processor. All results are
measured separately for each processor and averaged
across all processors. The variation in the miss rates
between the processors is less than 2%. Hence the
mean value represent closely the actual miss rates of
each processor. The framelet-based and the frame-
based storage models uses the block sizes of 32 bytes,

64 bytes, 128 bytes and 256 bytes. Even though some
of these sizes are beyond what is commonly found in
today's cache designs, they are used for the sake of
experimental investigation. A simple FIFO scheme is
used for block replacement in both models.

Trace Size

Benchmarks Frame Framelet Replication(%)

AMR 641648 645321 0.57

FFT 829702 859232 3.43

PSA 1419798 1459898 2.82

SDD 2104168 2104822 0.03

SGA 1742532 1802562 3.44

SIMPLE 1853822 1853962 0.01

WEATHER 1609176 1619876 0.66

Table 1: Trace Sizes

Benchmarks. The seven benchmark programs used
in these experiments are written in Sisal2. The multi-
threaded code generation is guided by the following
objectives: (1) Minimize synchronization overhead,
(2) Maximize intra-thread locality, (3) Assure non-
blocking (and deadlock-free) threads, and (4) Preserve
functional and loop parallelism in programs. The
benchmark programs consist of: 1) SGA uses a ge-
netic algorithm to �nd a local minima of a function;
2) FFT is a 1-D FFT routine; 3) PSA is a parallel
scheduler code; 4) SDD solves an elliptic partial dif-
ferential equation; 5) SIMPLE is a Lagrangian 2-D
hydrodynamics code; 6) AMR is an unsplit integra-
tor taken from an adaptive mesh re�nement code; 7)
WEATHER is a one level barotropic weather predic-
tion code.

4 Results and Analysis

The results of the trace simulation and their anal-
ysis are presented in this section. The e�ects of the
cache size, set-associativity and block size are exam-
ined for each of the two models.

4.1 Frame-based Simulation

Cache Size. The miss rates, as the cache size is var-
ied from 4K bytes to 256K bytes per processor for a
4-way set-associative are shown in Figure 5 for block
size from 64 Bytes to 256 Bytes3. The incremental
improvement in the miss rates beyond a size of 32 KB
is small for all the benchmarks. As the size of cache
increases the compulsory misses tend to dominate the

2Sisal [MSA+85] is a strict functional programming language

with arrays and loops.
3To make the graphs readable the graphs are drawn for the

weighted average of the miss rates of all the seven benchmarks,

the weights being the size of the traces.



overall miss rates. Since compulsory misses are unaf-
fected by the cache size, the improvement in the miss
rates diminish as the cache size increases. Given the
trace size, we chose to restrict our analysis to a cache
size of less than 64 KB. The ratio of cache size to the
trace size is in the range of 0.5% to 2% for a cache
size of 16 KB which is a valid ratio. Unless otherwise
speci�ed all our further results are given for a cache
size of 16 KB.
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Figure 5: E�ect of Cache Size : Frame Based 4-way
associative cache.

Set-Associativity. The miss rates for direct-
mapped, 2-way, 4-way, 8-way set-associative, and
fully-associative 16K cache per processor with 64-byte
blocks are shown in Table 2. The associativity has
no appreciable e�ect on the miss rates. This indicates
that a the percentage of con
ict misses is small which
is an indication of the high reference locality in the
traces. This high locality means that all the references
to a given frame are clustered in relatively small time

span. Hence as long as the cache size is reasonably
large enough to accommodate the locality the con
ict
misses will be negligible.

Block Size. When there exists su�cient locality in
the address trace the compulsory misses can be re-
duced by increasing the block size. Table 3 shows the
e�ect of block size on the miss rates. An 8-way asso-
ciative 16K bytes cache is used with block sizes set to
32, 64, 128 and 256 bytes. At the associativity of 8 the
con
ict misses are almost zero. Moreover the capacity
misses are small for cache sizes of 16 KB. Table 3 does
indicates a noticeable reduction in miss rates with the
increase in block size. When the block size is small a
few tokens are su�cient to �ll the block and the next
incoming token will cause a compulsory miss. Due to
the high locality the token causing the miss will have
the virtual address close to the block that is just �lled.

Miss Rates %

Benchmarks Associativity

1 2 4 8 Full

AMR 6.36 6.03 6.00 6.00 6.00

FFT 6.33 6.03 6.02 6.02 6.02

PSA 2.58 2.62 2.62 2.62 2.62

SDD 14.55 14.01 13.97 13.97 13.97

SGA 9.84 8.50 8.07 7.98 7.98

SIMPLE 7.73 7.27 7.21 7.23 7.23

WEATHER 15.60 15.03 14.86 14.79 14.79

Weighted Avg 9.82 9.27 9.15 9.12 9.12

Table 2: E�ect of Associativity: Frame-based Cache,
16 Kbytes, 64 byte blocks

Miss Rates %

Benchmarks Block Size

32 64 128 256

AMR 10.59 6.01 3.60 2.26

FFT 11.13 6.02 3.32 1.78

PSA 5.01 2.62 1.42 0.85

SDD 19.36 13.97 10.41 7.93

SGA 11.12 7.98 6.35 5.78

SIMPLE 11.43 7.23 4.72 3.03

WEATHER 20.38 14.79 11.86 10.57

Weighted Avg 13.46 9.13 6.66 5.25

Table 3: E�ect of Block size: Frame Based 8-way as-
sociative Cache, 16K bytes

By increasing the block size these misses are reduced.

4.2 Framelet-based Simulation

Cache Size. Figure 6 shows the e�ect of varying
the cache size from 4KB to 256 KB for a 4-way set-
associative cache with 64, 128, 256 byte blocks. The
incremental improvement in the miss rates starts to
decrease after a cache size of just 8 KB. For the traces
used here the ratio of the cache size to the trace size
is in the range of 0.5% to 1% when the cache size is
8 KB. Hence the cold start misses are not dominant
for a cache size of 8 KB. This behavior is explained
by the high locality in the trace. The cache size of 8
KB can e�ectively reduce the capacity misses. An as-
sociativity of 4 can reduce the con
ict misses thereby
making the misses just compulsory misses.

Set-Associativity. Table 4 shows the e�ect of vary-
ing the associativity. The results are derived using a
16 KB cache per processor with a 64-byte block and
direct-mapped, 2-way, 4-way, 8-way set-associative
and fully associative. Here, the associativity has neg-
ligible e�ect on the cache miss rates and the reason
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Figure 6: E�ect of Cache Size : Framelet Based 4-way
associative cache.

for this is similar to the reason given for the Frame
model.

Block Size. When there exists su�cient locality in
the address trace the compulsory misses can be re-
duced by increasing the block size. Table 5 shows the
e�ect of block size on the miss rates. An 8-way asso-
ciative 16K bytes cache is used with block sizes set to
32, 64, 128 and 256 bytes. At the associativity of 8 the
con
ict misses are almost zero. Moreover the capacity
misses are small for cache sizes of 16 KB. Table 3 do
indicate a noticeable reduction in miss rates with the
increase in block size.

4.3 Discussion of the Two Models
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Figure 7: Comparison of Models: Best Performance
Parameters,16 KB, 4-way associative, 256 byte Block
cache

Miss Rates %

Benchmarks Associativity

1 2 4 8 Full

AMR 4.61 4.61 4.63 4.64 4.67

FFT 3.89 3.87 3.87 3.87 3.88

PSA 3.88 3.88 3.88 3.88 3.88

SDD 4.65 4.62 4.63 4.63 4.64

SGA 5.24 5.10 5.08 5.08 5.08

SIMPLE 4.71 4.63 4.61 4.60 4.60

WEATHER 6.57 6.43 6.40 6.38 6.37

Weighted Avg 4.95 4.88 4.87 4.86 4.87

Table 4: E�ect of Associativity: Framelet Based
Cache, 16KB, 64 byte blocks

Miss Rates %

Benchmarks Block Size

32 64 128 256

AMR 8.87 4.64 2.48 1.34

FFT 7.35 3.87 2.03 1.05

PSA 7.71 3.88 1.95 0.98

SDD 8.74 4.63 2.54 1.47

SGA 8.82 5.08 3.25 2.44

SIMPLE 8.75 4.60 2.50 1.45

WEATHER 10.07 6.38 4.24 3.19

Weighted Avg 8.79 4.86 2.83 1.82

Table 5: E�ect of Block size: Framelet Based 8-way
associative Cache, 16K bytes

The size of the traces both in frame and framlet
model are very close as can be seen from the Table 1.
This indicates that there are not many replicated to-
kens sent to the threads belonging to the the same
frame. Figure 7 compares the best case performance of
the Frame and Framelet model for cache size of 16 KB.
The best performance is achieved when the block size
is 256 byte blocks for both models. Since associativ-
ity, as stated earlier, does not have a large impact on
miss rates a 4-way associativity is used for both. Ex-
cept for PSA, the performance of the Framelet model
is better than the Frame model. For SDD, SGA and
WEATHER the Framelet model did signi�cantly bet-
ter than the Frame model. Further analysis of these
benchmarks showed that they have a high percentage
of large size frames (larger than 256 bytes) in the trace.
In these cases it is frequent that the counter would be-
long to a di�erent cache block than the data that is
stored. Hence, each data storage would result in ac-
cesses to two di�erent cache blocks. In the Framelet
model, since each framelet holds just one thread, the
counters and the inputs for the thread belong to the



same cache block more frequently. In fact 99% of the
threads needs less than 64 bytes of framelet making
the counter access and the input access to the same
block.

The cumulative miss rate in Figure 7 show that
overall the Frame model has about three times the
miss rate of the Framelet model for the benchmarks
used. Obviously the scope of these results is limited
by the banchmarks used.

5 Related Work

A number of published papers have discussed is-
sues related to thread level locality and the design of
storage hierarchies to exploit it. Due to the space lim-
itation, it is not possible in this paper to present a de-
tailed comparison between the present work and other
related ones. A fair comparison must address sev-
eral other issues related to the execution model (e.g.
blocking or non-blocking threads), the semantics of
the source language (strict or non-strict) and the code
generation strategy. The discussion will therefore be
limited to a simple description of related work.

Culler et al. [CSvE93] demonstrates that the per-
formance of the storage hierarchy to an extent limits
the amount of multithreading within a processor, thus
limiting the latency that can be tolerated. The idea of
storage hierarchy rests on the principle that fast mem-
ories are small and expensive while slow memories are
large and inexpensive. The observation is that switch-
ing is cheap only for those threads residing in the top
part of hierarchy. Hence, only a limited number of
threads may be switched inexpensively. A schedul-
ing policy that favors threads that already lie in the
top part of hierarchy would be preferred. An impor-
tant question in parallel architecture is the problem
of organizing the storage hierarchy to operate in con-
cert with the scheduling of computations in parallel
programs. One simple approach is TAM's scheduling
policy which favors threads within the currently exe-
cuting quantum.

Research on incorporating caches into multi-
threaded executions and measuring their e�ectiveness
is ongoing. Cache designs in a data
ow model is dis-
cussed in [Tak92] for DFM-II [Tak87]. This model is
designed for a �ne-grained data
ow machine and must
therefore take into account the explosion of parallelism
that is typical in these machines [Cul89]. The model
is evaluated using a relatively small set of hand-coded
benchmarks. The caching mechanism attempts to pre-
serve the working set of the program in the cache.
Kavi et al. [KHP+95] use a cache with a frame based

storage (called SuperBlocks) in a data
ow execution
model. Their mechanism uses a Cold Store bit to iden-
tify compulsory misses.

In [TE94] Tekkath and Eggers show that there
is very minimal amount of contention misses due to
inter-thread communication. Therefore thread co-
placement strategies designed enhance inter-thread lo-
cality and reduce such misses have minimal e�ects.
From a cache design perspective these results are quite
similar to the ones reported here even though the
thread execution model is very di�erent.

Among the proposed multithreaded architec-
ture that are being currently developed, the Tera
MTA [ACC+90] does not have a cache memory. The
M-Machine [FKD+95] does not have a a proper data
cache but uses the local memory to cache remote data.
This caching mechanism is also supported in the lo-
cal TLB providing hardware support for the coherence
mechanism at the block level (8 words granularity).

Because the processor speeds have been improv-
ing at a much faster rate than the memory speeds
in the past decade, the design of on-chip caches has
become more crucial. The details of various issues in
cache designs are treated in [HP90]. A direct-mapped
cache has the advantage of a shorter critical path
length than a set-associative cache, at the expense of
higher con
ict misses. There have been several designs
which try to combine the advantages of direct-mapped
caches with those of set-associative caches such as the
victim-cache [Jou90], MRU cache [SR86], hash-rehash
cache [AHH88], and half-half cache [THG95]. In gen-
eral, these schemes split the cache into two parts: one
is direct-mapped while the other is set-associative.
The idea is to simultaneously send the desired ad-
dress to both parts of the cache and to assume that
the direct-mapped portion contains the data. If the
assumption turns out to be false, the set-associative
portion of the cache provides the data (if available)
at a slightly greater cost. If there is su�cient local-
ity, this method could result in a lower average access
time than either a pure direct-mapped or a pure set-
associative cache of the same size.

6 Conclusion

A non-blocking dynamically scheduled multi-
threaded execution model provides an e�cient mecha-
nism to overlap communication with computation and
thus improving the processor utilization. An impor-
tant issue in this model is the e�ciency of the synchro-
nization among threads and the scheduling of threads.
This paper reports on the experimental trace-driven



evaluation of two possible storage hierarchy models
designed for such an execution.

The results yielded several insights into multi-
threading operations: First a signi�cant amount of
inter-thread locality can be exploited in this dynami-
cally scheduled multithreaded model. Second, even a
traditional cache organization can achieve a good per-
formance. Third, by tailoring the cache organization
to take advantage of the thread execution model, the
performance can be greatly improved.

These results demonstrate that a signi�cant
amount of locality can be exploited in a multithreaded
architecture.
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