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Abstract replaces dataflow graphs that satisfy mini-graph criteria
A mini-graph is a dataflow graph that has an arbi- with handles a handle is a quasi-instruction that
trary internal size and shape but the interface of a sin- encodes the corresponding mini-graph’s interface regis-
gleton instruction: two register inputs, one register ter dependences.
output, @ maximum of one memory operation, and @ A minj-graph pipeline processes both unmodified

maximum of one (terminal) control transfer. and modified executables and treats handles as individ-

Previous work has exploited dataflow sub-graphs 5| jnstructions in all stages except execution. During
whose execution latency can be reduced via program-

. execution, the processor consults a handle-to-instruction
m;?-lgrggr?sA;;S;xlﬁr:g;g\\l/v; rgélrrf]otrhrksaﬁ?:gelgy eaﬂ'&\i’%’ytiggtsequence tra_ns_lation which is stored in an on_—chip table
the bandwidths of a superscalar processor's stages and@/led the mini-graph table (MGT) Essentially a
the capacities of many of its structures without custommicrocode store, the MGT drives the cycle-by-cycle
latency-reduction hardware. Amplification is achieved €xecution of the constituent mini-graph instructions
because the processor deals with a complete mini-graptwith low overhead. The MGT may be hardwired, but it
via a single quasi-instruction, the handle. By constrain- is more useful to customize its contents to an applica-
ing mini-graph structure and forcing handles to behave tion. We show thaDISE (dynamic instruction stream
as much like singleton instructions as possible, the numeditor) is a good match for specifying application-spe-
ber and scope of the modifications over a conventionalgific mini-graphs.
superscalar microarchitecture is kept to a minimum.

This paper describes mini-graphs, a simple algo-
rithm for extracting them from basic block frequency

profiles, and a microarchitecture for exploiting them. ates using custom hardware. A mini-araph processor
Cycle-level simulation of several benchmark suites Y 9 ) graph p

shows that mini-graphs can provide average perfor- €an do that.too, but prlmarlly ampln‘les_ the bandwidth
mance gains of 2-12% over an aggressive baseline@nd capacity of book-keeping machinery. A key to
with peak gains exceeding 40%. Alternatively, they canamplification is to constrain mini-graph structure such
compensate for substantial reductions in register file that handles look and behave like singleton instructions,

Dataflow aggregates are not a new idea, but a mini-
graph processor exploits them in a new way. Most previ-
ous schemeseduce the execution-latencyf aggre-

and scheduler size, and in pipeline bandwidth. e.g, renaming a handle has the same effect as renaming
] each mini-graph instruction individually. This approach
1. Introduction maximizes the number of stages (structures) that can

Processors are good at executing simple instructiongrocess (store) handles rather than mini-graph instruc-
with small, fixed interfaces: two inputs, one output, a tions and whose bandwidth (capacity) is amplified.
maximum of one memory reference, a maximum of one  The most important aspect of making handles
control transfer. Machinery for dealing with small, fixed behave like instructions is choosing mini-graphs that are
interfaces is well understood and (relatively) easy toatomic. This restriction admittedly reduces mini-graph
build. Unfortunately, because instructions are fine “coverage”, but allows us to treat values on a mini-
grained, they are also numerous. While instruction pro-graph'’s interior—we use static analysis to identify these
cessing machinery—most of which performs inter- values—as transient and to avoid allocating physical
instruction book-keeping—may be conceptually simple, register storage for them. This approach reduces register
it may become physically complex by virtue of its file size requirements and amplifies renaming, schedul-
capacity and bandwidth. ing, register read, register write, and retirement band-

In this paper, we propose a mechanism that allowswidths. Since mini-graphs naturally amplify fetch
simple, fixed-interface, single-instruction machinery to bandwidth and instruction cache capacity, execution
process multi-instruction dataflow graphs which we call remains the only un-amplified stage. To prevent it from
mini-graphs A mini-graph is a connected instruction becoming a bottleneck, we introduce a microarchitec-
dataflow graph that has the interface of a singletontural component called aALU pipeline—a single-
instruction: two inputs, one output, at most one memoryentry, single-exit chain of ALUs—which adds execution
reference, and at most one control transfer. A binarybandwidth without increasing bypassing complexity.
rewriting tool modifies executables and statically Execution-driven simulations of SPEC2000, Media-
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Bench, CommBench, and MiBench programs show thating the Pentium M to achieve high decoding bandwidth
mini-graphs produce average performance improve-with a single complex decoder. Simple extensions to the
ments of 2%, 12%, 6% and 7% respectively, over anX86 ISA for fusing dependent instruction pairs have
aggressive baseline and without any latency reductionalso been proposed [12].
On a per application basis, gains can exceed 30% and Macro-op scheduling [14] temporarily and micro-
40%. Mini-graphs can also effectively compensate for architecturally fuses dependent instructions in order to
dramatic reductions in the capacities of the scheduletboost effective scheduling capacity and hide scheduling
and register file and bandwidth at all pipeline stages. loop latency [3, 23]. Macro-op scheduling is completely
We make four main contributions: transparent, but does not amplify the bandwidths or
* First, we observe that instruction aggregates thatcapacities of any other structures.
have external interfaces of singleton instructions can  There is extensive work on algorithms for choosing
improve performance by amplifying processor compound instructions to optimize coverage or perfor-
capacity and bandwidth, without requiring custom mance under a variety of constraints [1, 4, 6, 7, 19]. Our
hardware for reducing dataflow-graph latency. We microarchitectural focus complements that work.
call such aggregatesini-graphs Finally, our work focuses on exploiting dataflow
* Second, we describe a microarchitecture for pro-graphs in a superscalar context. Grid Processor [17] and
cessing mini-graphs that requires only small modifi- WaveScalar [24] exploit dataflow graphs holistically
cations over existing superscalar designs. using new instruction sets and new microarchitectures.
* Third, we demonstrate that DISE is suitable for cre- i
ating and using application-specific mini-graphs. ~ 3- Mini-graphs
* Finally, we present a simulation-driven performance Ve describe the physical structure of a mini-graph,

evaluation of our complete system. the restrictions on it and the rationale behind them, and
a simple, greedy algorithm for extracting mini-graphs
2. Related Work from program profiles.

There is considerable prior work on the (automatic)  Figure la shows two code snippets from the pro-
generation of application specific instruction set exten-gramgcc In each snippet, the shaded instructions com-
sions [1, 4, 6, 7], including commercial efforts like Ten- prise a mini-graph. Figure 1b shows the same snippets
silica’s Xtensa [9]. This work has been aimed at with each mini-graph replaced by a single instruction
discovering and exploiting graphs of arithmetic opera- handle A handle is a quasi-instruction that is only
tions whose latency can be reduced via custom hardmeaningful to a mini-graph enabled processor. It has
ware. This hardware ranges in implementation fromthree components: i) a reserved opcode ii) two input
collapsing ALU [20, 22, 27] to FPGA [2, 11, 21] and in and one output register specifiers, and iii) an immediate
interface from functional unit [20, 21, 26, 27] to co-pro- field. The immediate field is called thGID and is the
cessor [11, 26]. Mini-graph processaan exploit cus-  index into an on-chip table, thenini-graph table
tom hardware to reduce graph latency, but they improve(MGT), which contains the instruction-by-instruction
performance primarily by reducing book-keeping over- mini-graph definition. Figure 1c shows the contents of
head and amplifying the capacity of structures like thean MGT for the two mini-graphs. Each MGT row con-
scheduler and register file and the bandwidth of all pipe-tains the definition of one mini-graph template; row 12
line stages. Mini-graph interfacese-g, number of contains the specification for the mini-graph on the left
allowed register inputs and outputs—and internal com-(MGID 12). Each MGTINSN column represents a mini-
position are highly constrained to minimize the number graph template instruction; the MGT shown here can
of pipeline stages that must be augmented with mini-represent mini-graphs of three instructions or less. Note,
graph awareness. Some of these constraints have beéhis MGT is logical; the organization and contents of an
employed previously [20, 21], but again, only in the actual MGT are described in Section 4.1.
context of collapsible dataflow graphs. The three register names explicit in a handle are the

The fusion of dependent instructions for capacity mini-graph’sinterface registerawhich define its exter-
and bandwidth amplification is not entirely new, but nal dependences. The handle must contain these register
existing forms are more restricted than the mechanisms$iames because they (or their renamed versions) are
we propose. Intel's Pentium M [13] fuses load/execute needed at renaming, scheduling, register read, register
and store-address/store-data micro-op pairs, reducingvrite, retirement, and misprediction recovery; stages
the number of micro-ops that must be renamed, schedwhere only the handle is available, not the complete
uled, and retired and amplifying issue queue capacitymini-graph. Information which is only needed during
Micro-op fusion also reduces the number of X86 execution—theinterior registers which define mini-
instructions that decode into multiple micro-ops allow- graph internal dataflow, as well as the opcodes and
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addl r18,2,r18
|da r6,2,r6
s8addl r7,r0,r7
cmplt r18,r5,r7
bne r7,0xA

ldl r18,24(r16)
Idq r2,16(r4)
srlr2,14,r17
bis zero,r18,r16
and r17,1,r17

|da r6,2,r6
s8addl r7,r0,r7
mg r18, r5,r18,12

ldl r18,24(r16)
mg rd,—r17,34
bis zero,r18,r16

this respect they are similar to interior values of grid
processor code blocks [17].

The fact that only mini-graph interface registers
require physical registers allows for bandwidth amplifi-
cation at four key pipeline stages: renaming (physical
register allocation), register read, register write, and
retirement (physical register freeing). Because interface
register names must be explicit in the handle and
because many pipeline stages have machinery that
assumes two register inputs and/or one register output

per instruction, we limit mini-graphs to two input and
one output interface registers. Unlike atomicity which is
fundamental, this constraint is only a practical one.

In contrast with previous work, we allow mini-
graphs to include loads and stores. However, we limit
FIGURE 1. Mini-graphs. (a) Code snippets from gcc. (b) ~ the number of memory operations per mini-graph to
Same snippets with shaded mini-graphs replaced by  one. This restriction removes ordering ambiguities that
handles. (¢) MGT contains mini-graph definitions. would result from two stores or a load and store to the
immediates of the individual instructions—is not same address within a m!n|—gr§1ph. It _enable; mini-
explicit in the handle: it is encoded in the MGT grap_hs to be collapsed to smgle_ mstrupno_ns vyh|le pre-

’ : serving total load/store order. Finally, it simplifies the

In the MGT, interface input registers are mnemoni- handling of memory exceptions.g, page faults.
cally denoted using the lettér and their index in the

handle while interior values are denoted using the letteB.2. Mini-Graph Selection
M and the mini-graph instruction that creates them. The Our focus is on micro-architectural techniques for
MGT OUT field indicates which instruction produces the exploiting mini-graphs. We are less concerned with
mini-graph’s interface output register. Thus the firstdeveloping new mini-graph selection algorithms and
mini-graph instructionaddl r18,2,r18 is represented in defer to prior work in that respect [7, 19]. In this work,
INSNO column of the MGT asddl EO0,2; EO is the first  we use a simple greedy selection algorithm.
interface register explicit in the handiég. The second First, we analyze the static executable and enumer-
instruction,cmplt r18,r5,r7 is represented asnplt MO,EL ate all possible legal mini-graphs. Enumeration is expo-
whereELl is interface registers andM0 is output of the  nential in the number of instructions considered, but
first mini-graph instruction. The final instructidme r7, since mini-graphs are restricted to basic-blocks, the
0xA is represented @me M1,0xA . That the output of the  number of instructions under consideration at any time
mini-graph is produced by its first instruction is denotedis typically small. Mini-graph legality testing is more
by a0 in theOUT field. involved than simply testing the interface (two register
) inputs, one register output) and composition (one mem-
3.1. Structural Constraints ory operation) conditions. The instructions in a mini-
The most important aspect of the appearance ofyraph are not necessarily contiguous in the original pro-
being a single instruction iatomicity. Atomicity con-  gram and execution semantics must not change when
strains mini-graphs to reside within basic blocks, athey are collapsed to a single handle. For each mini-
severe restriction for programs with small blocks. Con-graph, we choose aanchor around which to collapse
ventional multiple block constructs like superblocks andthe remaining instructions. In order of preference, the
hyperblocks are not atomic as they have side exitsanchor is: i) the branch, ii) the memory operation, or iii)
RePLay [18] frames, however, are atomic and othershe last instruction. Notice, in Figure 1b the mini-graphs
have shown that large dataflow aggregates can be minegte collapsed around the branch and load, respectively.
from them [6, 27]. Mini-graphs can contain branches,Memory operations are given precedence so that col-
but these must be terminal. lapsing does not result in load/store reordering. We
Coarse-grain atomicity allows mini-graph execution reject mini-graphs if there is register interference in the
to be more efficient than conventional execution.range between the anchor and original positions of the
Because partial mini-graph state is never needed, it i§irst and last instructions. Our static choice of anchor
not necessary to allocate explicit storage.( physical ~forces us to reject some legal mini-graphs, but our
registers) to partial, interior mini-graph results. Mini- experiments indicate that this is rare.
graph interior values only live in the bypass network. In  Next, we sort the mini-graph list in order of decreas-
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