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Abstract. Microprocessors depend heavily on broadcast-based bypass
networks to eliminate pipeline hazards arising due to data dependencies.
However, increasing clock speeds make broadcasting slower and difficult
to implement, especially for wide issue and deeply pipelined processors.
The problem is exacerbated by shrinking feature size, as wire delays
become more important than the gate delays.

In this paper, we propose Single FU bypass networks for high clock rate
superscalar processors where, instead of a fully connected broadcast-
based bypass network, results from an FU are forwarded only to itself.
The new bypass network is based on the observations that an instruc-
tion’s result is mostly used by just one other instruction and that the
operands of many instructions come from a single other instruction. The
new bypass network results in a significant reduction in the data forward-
ing latency, while incurring only a small impact (about 2% for most of the
SPEC2K benchmarks) on the Instructions Per Cycle (IPC) count. Single
FU networks are also much more scalable than broadcast-based networks,
as future microprocessors become wider and more deeply pipelined.

1 Introduction

The bypass network lies in the most critical loop in pipelined processors that
enables data dependent instructions to execute in consecutive cycles [5]. Prior
studies [4][9][10] have shown that an increase of a single cycle in this critical loop
reduces the instruction throughput dramatically. Most modern processors use a
broadcast-based bypass network, where a result produced by a functional unit
(FU) is made available to all the other FUs. With a broadcast-based network,
bypassing can take significant wiring area on the chip [2], especially for wide-
issue and deeply pipelined processors. In addition, studies [2][6] have shown that
the wire complexity with a broadcast-based network grows proportional to the
square of the issue width and the pipeline depth, leading to significant data-
forwarding delays. This problem is further exacerbated with the growing wire
delays in the sub-micron technology era [1][11]. In addition, large number of
bypass paths increase the fan-out delay at the source and the fan-in delay at the
destination, by increasing both the capacitive load within the network and the
multiplexor complexity at each destination [8]. In fact, bypass network latency
is expected to set the cycle time of future micro-processors [6][8]. The overall
impact of the broadcast-based bypass network complexity is that multiple cycles



IPC

may be required to forward the values [8]. With a multi-cycle bypass network,
dependent instructions are not able to execute in consecutive cycles, resulting in
a decrease in the instruction throughput.

In this paper, we propose a Single FU bypass network for high clock rate
superscalar processors. In this bypass network, instead of a fully connected
broadcast-based forwarding, an FU’s output is only forwarded to its own in-
puts. Single FU bypass network facilitates low latency and energy-efficient data-
forwarding because of a reduction in the fan-in at the inputs of FUs, a reduction
in the fan-out at the outputs of FUs, and a reduction in the lengths and the
number of bypass paths. We found that with a Single FU bypass network, the
IPC is only about 2% less than that of a broadcast-based bypass network.

The rest of the paper is organized as follows. Section 2 discusses the motiva-
tion behind Single FU bypass networks. Section 3 presents the Single FU bypass
network. Section 4 presents the results of our experiments and also discusses
Single Input Single FU bypass network. Section 5 concludes the paper.

2 Motivation and Background

2.1 Impact of Multi-cycle Forwarding

Te measure the impact of increased forwarding latency on IPC, we use the pa-
rameters given in Table 1 (on page 8) for a superscalar pipeline shown in Figure
1. The forwarding latency is increased from 0 cycles to 2 cycles. Dependent
instructions can execute in consecutive cycles only with a 0-cycle forwarding
latency. Figure 2 shows the IPC (along the Y-axis), with varying forwarding
latencies, for many of the SPEC2000 Integer and Floating Point benchmarks.
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Fig. 2. Impact of Multi-cycle Bypass Networks (a)Integer; (b)FP Benchmarks

As can be seen in Figure 2, IPC reduces significantly as the forwarding la-
tency is increased. For instance, compared to a 0-cycle forwarding latency, IPC
reduces by about 15% for a 1-cycle forwarding latency for both integer and FP
benchmarks. The impact of increased forwarding latency is relatively higher for




Percentage of Results Produced

higher IPC benchmarks. The IPC impact is very similar for all the integer bench-
marks (except for gcc, which has a relatively lower impact). The IPC impact
for the FP benchmarks is much more varied.

2.2 Data Dependence Characteristics

To study the typical data dependence characteristics in the programs, we mea-
sure the type of instruction producing a value and the type and number of in-
structions using that value. We define 6 types of instructions, based on the type
of functional unit used by the instructions: IALU (simple integer instructions us-
ing an ALU), IMULT (complex integer instructions using a multiplier), LOAD
(load instructions), STORE (store instructions), FPALU (simple floating point
instructions using an ALU), and FPMULT (complex floating point instructions
using a multiplier). Figure 3 presents these measurements (for a typical RISC
ISA) in the form of a stacked bar graph. For each integer benchmark, there are
2 sets of stacked bars, where each stacked bar represents the type of instruction
producing the register value. Similarly, for each FP benchmark, there are 4 sets
of stacked bars. The value on top of each stacked bar represents the percentage
of results (out of the total) produced by instructions of that particular type and
used by other instructions (depicted by the stacks). The total of all the stacked
bars is less than 100% because some results are not used at all and some results
are produced by instructions of other types.
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Fig. 3. Result Usage Characteristics for SPEC2K (a) Int and (b) FP Benchmarks

As can be seen in Figure 3, most of the values (about 70%) produced are
only used by just one instruction. Figure 3 also explains the different reduction in
IPC observed for different benchmarks, in Figure 2. In general, for benchmarks
where more results are used by just one other instruction and fewer results are
used by store instructions, increased forwarding latency has a larger impact
on IPC. This is because, when a result is used by more instructions, after the
forwarding latency delay more instructions get ready at the same time, resulting
in less effective average forwarding latency per instruction. The effect is exactly
opposite in case a result is mostly used by just one instruction. Similarly, if the
number of results used by store instructions is higher, the impact of increased
forwarding latency is lower, because a delayed store instruction does not have
a significant impact. This is the reason for high IPC impact for wupwise, swim,
art, and apsi, and low IPC impact for gcc. Ammp also has a high percentage



Percentage of Instructions

of instructions with just one consumer, but its extremely low IPC results in a
low IPC impact in its case. Other factors affecting the IPC impact of higher
bypass latency are the percentage of results (out of the total produced) that are
actually used, branch prediction accuracy, and load miss rate.

Next we look at the data dependence characteristics of programs from the
perspective of the consumer. Figure 4 presents these statistics! in a manner
similar to Figure 3, except that each stack now represents operand-producing
instructions rather than result-using instructions. For instance, for gzip, about
68% of the instructions (out of the total executed) are IALU instructions, and
about 30% of instructions (out of the total executed) are IALU instructions
whose operands are produced by just one other IALU instruction. Figure 4 shows
that a significant percentage (about 70%) of the total instructions executed have
their operands produced either by just one other instruction or by no instruc-
tions. The LOAD instructions that do not have any producer instructions for
their operands are the ones which use the same register operand and this reg-
ister operand is produced before the start of the collection of the statistics (we
collect the statistics after skipping the first 500 million instructions). The IALU
instructions that do not have any producer instructions for their operands are
mostly the ones which load an immediate value, or the ones that use register r0
to set a register to an immediate value.
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Fig. 4. Operand Characteristics for SPEC2K (a) Int and (b) FP Benchmarks

Overall, for most of the instructions, their results are used by just one other
instruction and their operands are produced by just one other instruction.

2.3 Related Work

Bypassing is an old idea and was first described in 1959 by Bloch [3]. Since
then, the issue width of the processors and the number of functional units in the
processors have increased considerably. Unfortunately, not enough work has been
done for efficient data forwarding. Here, we classify the proposed efficient bypass
networks into 2 broad categories: limited bypassing, and partitioned bypassing.
In limited bypassing, certain paths are missing from the bypass network.
Ahuja et al [2] study bypass networks where the results from the FUs are for-
warded to only one of the inputs of all the FUs. They propose simple code

! We only show Integer instructions even for the FP benchmarks because of the low
percentage of FP instructions in the instruction ranges simulated for the benchmarks.



transformations to avoid the stalls generated due to missing bypasses. For effi-
cient bypassing, the Pentium 4 processor [7], limits the number of bypass inputs
into each FU as well as the number of bypass outputs from each FU.

Partitioned bypassing is used in clustered processor architectures. In these
architectures, there is typically a broadcast-based bypassing within a cluster,
and either broadcast-based inter-cluster bypassing [16][21][15][13][6], or point-
to-point inter-cluster bypassing [14][17][18][19][20]. Intra-cluster bypassing is fast
because of reduced bypass network complexity, whereas inter-cluster bypassing
may take additional cycles because of longer wires and/or multiple hops.

3 Single FU (SFU) Bypass Network

Based on the observations in Section 2, we propose Single FU (SFU) bypass
networks, where the results produced in a FU are forwarded only to itself, thus
reducing the bypass network latency and facilitating high clock rates.

3.1 Basic Idea

Figure 5(a) shows a Pentium 4 [7] style reduced-complexity broadcast-based
bypass network for the integer units. A similar bypass network could be imple-
mented for the floating point units. The multi-stage bypass network in Figure
5(a) is responsible for forwarding the correct values. Figure 5(b) shows one con-
figuration of the SFU bypass network for the same set of integer FUs. In this
configuration, the output of an ALU is immediately forwarded to only its own
inputs. However, the values loaded are typically required in TALU instructions.
Hence, instead of forwarding the output of the load unit to itself, it is forwarded
to one of the ALUs. In addition, load units typically read the base address from
the register file or are, in some cases, forwarded the value from the ALUs. Hence,
the output of one of the ALUs is also forwarded to the load unit. Without loss
of generality, in Figure 5(b), the output of ALU2 is also forwarded to the load
unit and that of load unit is forwarded to ALU2. The rest of the bypass network
remains the same. In this configuration, the results from an FU are immediately
available to the ones it is directly connected to, and are available to all the FUs
after an additional cycle. We call this bypass network as Limited SFU (LSFU)
bypass network. Figure 5(c) illustrates another configuration of the SFU bypass
network. In this configuration, the multiplier and store units are completely iso-
lated, and the results from an FU are only available to the one it is directly
connected to; the rest read from the register file. We call this bypass network
as Extreme SFU (ESFU) bypass network. For all the configurations, a similar
bypass network can be assumed for the FP units.

3.2 FU Assignment

The performance of the SFU bypass network relies heavily on the ability to assign
instructions to the FUs where their operands are available through the bypass
network, for which we propose a post-schedule FU assignment scheme. In this
scheme, the FUs assigned to the instructions by the select logic are selectively
discarded?. Once an instruction is scheduled for execution, it is assigned an FU

% However, the conventional select logic is still needed to select the right instructions
(based on the priority scheme used, which could be the “oldest” first) to be scheduled.
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Fig. 5. (a) Conventional Bypass Network; (b) Limited SFU; (¢) Extreme SFU
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based on where its operands will be available. Figure 6 shows the pipeline for
this FU assignment scheme. All the scheduled instructions access an FU table
(in the F'U assign/arbiter stage), for each valid operand, to get an FU assigned
to them. From the FU table, the following information is obtained for each valid
operand: (i) whether it is available from the bypass network, and if it is, then
in which FU, or (ii) whether it is available from the register file. Based on the
information obtained regarding an instruction’s operands, an FU is assigned for
the instruction as follows:

— If an instruction has only one valid operand with an FU where the operand
is available from the bypass network, and the other operand is either not
present or is available from the register file or is available in any FU from
the bypass network (for the LSFU network), then it is assigned the valid FU.

— If an instruction has multiple operands with valid FUs or an operand can-
not be obtained from the bypass network, then that instruction is marked
“unscheduled” and it remains in the issue queue.

— For an instruction with no register operands or with all operands available
from the register file or in all the FUs from the bypass network (for the
LSFU network), the FU assigned by the select logic is used.

Once the FU for an instruction is decided, the FU table is updated.
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Fig. 6. Post-schedule FU Assignment Pipeline

In this scheme, an issue that needs to be addressed is what happens if multiple
scheduled instructions are assigned the same FU? This issue can be resolved
by using F'U arbitration. All the scheduled instructions send a request for the
assigned FU. FU arbiters grant the requests of the scheduled instructions, based
on priorities which could be the same as that used by the scheduler. In case
an instruction cannot acquire the assigned FU, it is “unscheduled” and is again
scheduled in the following cycles. Figure 7 shows the FU assign/arbiter stage.
The register operands are used to index into the FU table and the valid bit table
(indicating whether the FU table entry is valid). Based on the valid bits and the
FU mappings, an FU is assigned to the instruction. The instruction then sends



a request to that particular FU’s arbiter, and updates the FU table. The valid
bits are reset when the register values are available in all the FUs.

FU Table

Valid Bits

Register Operands

Fig. 7. Schematic FU assign/arbiter stage

To perform FU assignment and arbitration in a single cycle, they have to be
fast. FU arbitration is similar to the select logic, but of significantly lower com-
plexity because of the limited requests that can be generated. The calculations in
[6] suggest that the latency of FU arbitration is about 60% less than that of the
select logic, for the parameters in Table 1. For a faster FU table access, we stack
together FUs for multiple registers in a single FU table entry. The higher end
bits of a register tag index into the table and the lower end bits select the FU for
the register. With this design, the access latency of FU table is about 90% less
than that of the register file used, in Table 1. With such small FU assignment
and arbitration latencies, we assume a single FU assign/arbiter stage.

To execute the dependent instructions in consecutive cycles, a scheduled in-
struction immediately wakes up the dependent instructions. In this case, “un-
scheduling” a scheduled instruction may lead to the consumer instruction getting
executed before the producer instruction. This situation is avoided by keeping a
bit-vector (of size equal to the number of physical registers) to indicate whether
instruction producing a particular register has been dispatched to the FUs. The
instructions check this bit-vector in parallel to FU arbitration. If the producer
has not been dispatched to the FU, the consumer is also “unscheduled”.

4 Results

4.1 Experimental Setup

The processor parameters used in our experiments are given in Table 1. We use
a modified Simplescalar simulator [22] for our experiments. For benchmarks, we
use benchmarks from the 7 Integer (gzip, vpr, gce, mcf, parser, bzip2, and twolf)
and 7 FP (wupwise, art, swim, ammp, equake, apsi, and mesa) benchmarks
from the SPEC2K benchmark suite compiled with the options provided with
the suite. Measurements were performed for 500M instructions, after skipping
the first 500M. Latency calculations are performed for a 0.18um feature size.

In our experiments, we experiment with 4 different bypass networks — fully
connected O-cycle latency bypass network (FUL(), fully connected 1-cycle la-
tency bypass network (FULI), LSFU, and ESFU. The forwarding latencies for
the LSFU and ESFU bypass networks is 0 cycles for direct connections.



IPC

| Parameter | Value | | Parameter | Value |

Fetch/Decode Width 8 instructions Instr. Window 128 instructions
Phy. Register File 128 Int/ 128 FP Int. FUs |3 ALU, 1 Mul/Div, 2 1d/st
Issue/Commit Width| 6 instructions FP FUs 3 ALU, 1 Mul/Div
Branch Predictor |bi-modal 4K entries|| BTB Size | 2048 entries, 2-way assoc.
L1 - I-cache 32K, direct-map, || L1 - D-cache 32K, 4-way assoc.,
2 cycle latency 2 cycle latency
Memory Latency |40 cycles first chunk|| L2 - cache unified 512K,
1 cycles/inter-chunk 8-way assoc., 6 cycles

Table 1. Default Parameters for the Experimental Evaluation

4.2 TPC Results and Analysis

We use the calculations in [6] to compare the forwarding latencies of FULO and
SFU bypass networks (in Figure 5), and found that the forwarding latency of
SFU is about 70% less than that of FUL(. Figure 8 gives the IPCs for the SPEC
2K INT and FP benchmarks. As seen in Figure 8, the IPCs from LSFU and
FULQ are very close to each other, but significantly higher than that from FUL1.
However, ESFU with minimal bypass hardware incurs more IPC impact than
LSFU because more instructions get delayed due to extremely limited bypassing.
However, for many of the benchmarks, ESFU is still quite close to or even higher
than FUL1. LSFU performs better than FULI, because all instructions incur
a 1 cycle delay in FULI, whereas in LSFU, most of the instructions do not
incur any delays and only a few instructions suffer a delay of 2 or more cycles
because of getting re-scheduled. In case of ESFU network, on the other hand, if
an instruction’s operands are not available from the bypass network, then the
instruction has to wait till they are available from the register file.
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Fig. 8. IPCs for SPEC 2000 (a) INT and (b) FP Benchmarks

4.3 Lower Priority to Branch Instructions

One of the main reasons for the performance impact with SFU is the delayed
execution of some of the instructions. To recover the performance loss, we inves-
tigate a technique that gives lower priority to branch instructions. Only the mis-
predicted branches affect performance. Branch instructions, on the other hand,
compete with other instructions for the valuable forwarding paths. For instance,
if a branch instruction and a result-producing instruction are both dependent on
the same instruction, then both the instructions will be assigned the FU used by
the producer instruction. In this case, if the branch instruction gets the FU, the



result-producing instruction is delayed, and performance will be hit. However, if
the branch instruction is delayed, then the performance is hit only if the branch
instruction is mispredicted. To avoid this, branch instructions are given a lower
priority during FU arbitration. For this, each instruction is assigned a bit (called
the “type bit”), which indicates whether the instruction is a branch instruction
or not, and in case of a collision for the same FU, lower priority branch instruc-
tion gets “un-scheduled”. Figure 9 shows the IPC results with this technique.
Figure 9 shows a significant improvement in IPC for many benchmarks, bringing
the IPC of LSFU almost equal to that of FULQ.
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Fig. 9. IPCs for SPEC 2000 (a) INT and (b) FP Benchmarks
4.4 Single Input Single FU Bypass Network

The bypass network complexity can be further reduced by half by forwarding
the values to only one of the inputs of the FUs [2]. Since, in SFU, only the
instructions that have at most one operand forwarded from the bypass network
are scheduled, having a single input forwarding is a natural extension of this
design. This would require a switch in the operand locations in the instructions,
so that the correct operand is bypassed the correct value. Since the values are
forwarded to the inputs of the same FU in the SFU design, the switch can be
performed once the operand that will be forwarded is known. No additional
performance loss is observed for a Single Input SFU bypass network, because of
the criterion used for scheduling instructions in SFU. However, with single input
SFU bypass network, the forwarding latency is about 85% less than that with
FULQ. This kind of data forwarding has one of the minimum bypass network
hardware, apart from the case when there is no data forwarding.

5 Conclusions

Microprocessors usually use broadcast-based bypass networks to execute depen-
dent instructions in consecutive cycles. However, for a wide-issue and deeply
pipelined processor, broadcasting the results can take multiple cycles, especially
with the wire delays increasing in the sub-micron technology era, reducing per-
formance significantly. In this paper, we observed that the results of most of
instructions are used by just one other instruction and the operands of many
instructions come from a single other instruction. Based on this observation,
we proposed a Single FU bypass network, where the results of an FU are only




bypassed to its own inputs, thus reducing the bypass network complexity signif-
icantly, and facilitating fast forwarding. Our studies showed that the forwarding
latency can be reduced by more than 70%, while incurring a small IPC impact
of about 2% for most of the benchmarks. Single FU bypass networks are also
much more scalable than the broadcast-based bypass networks, as the future
microprocessors become more wide and more deeply pipelined.
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