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Abstract:Low power digital testing approaches target the minimization of overall switching activity. 

This may lead to non-uniformity in the spatial power distribution which may cause localized heating 

and lead to an appreciable temperature difference across the layout of the circuit. Temperature is a 

function of power density. With increasing chip density, power aware testing will prove inadequate and 

has to be replaced by thermal aware testing strategies.  Most of the efficient low power testing 

algorithms use vector reordering scheme. In this paper we investigate the influence of power aware test 

vector ordering technique on peak temperature and temperature distribution within the chip. 

Effectiveness of the approaches has been established via thermal simulation of ISCAS89 benchmark 

circuits. The proposed scheme outperform existing test pattern reordering techniques that target 

minimization of either total power (and thus heat) or peak temperature. 
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I. Introduction 

Power dissipation of a circuit during test has been found to be much higher than during the normal 

mode of operation [1][2]. This mainly arises from the fact that test efficiency has a high correlation 

with toggle rate. In test mode, in an attempt to excite many potential faults by relatively shorter test 

sequences, the switching activity at circuit nodes often become several times higher than that during 

normal operation. This results in high test power dissipation. Various techniques to reduce test power 

have been reported in the literature [3]-[7]. Majority of these power reduction techniques are oriented 

towards reducing the switching activity within the circuit, so that the dynamic power component can be 

controlled.Excessive switching activity increases the overall circuit temperature and creates localized 

heating, called hotspots [8]. Advanced cooling techniques are effective to solve the high temperature 

problems, but they substantially increase the overall system cost and/or require largerarea. Although 

power minimization can reduce the temperature of the circuit under test (CUT), it has been shownto be 

ineffective in providing a good solution for peak temperature minimization [8],since, peak temperature 

is a localized event and is a function of both heat generated from power consumption and heat 

dissipated to ambient air. This results in temperature differences across the circuit. The spatial 

temperature non-uniformity has a non-uniform effect on relative path delay within logic blocks. 

Minimizing the overall transitions does not help in reducing the peak temperature on hotspots or 

creating a spatially uniform temperature distribution. An overview of the thermal challenges faced at 

Sort, Burn-In, and Class Test along with their solutions has been described in [9]. A thermal safe test 

scheduling to reduce hot-spot temperature by distributing the temperature evenly across the die has 

been elaborated in [10]. This technique uses floorplan of the chip to guide testscheduling.Atechnique to 

generate minimal thermal safe test schedules guided by core adjacencyinformation has been proposed 
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in [11]. Temperature aware Test-Access-Mechanism (TAM)/ wrapper co-optimization problem has 

been addressed in [12]. It proposes a test scheduling approach to generate efficient test schedules which 

are also thermal safe. The approach uses a thermal cost model improved from [11] anda bin packing 

algorithm to minimize the test application time and satisfy the temperature constraints.Although the 

approaches proposed in [8],[11]-[13] reduce or limit peak temperature on hotspots, the temperature 

differences within the circuits can still be as high as 40
°
C to 50

°
C [14]. PEAKASO algorithm of [8] 

minimizes the peak temperatureby scan vector reordering. Their approach sandwiches low power 

consuming vectors between the high power consuming ones. Authors of [15] have proposed a 

technique for thermal uniformity aware X-filling that aims at reducingthe temperature induced delay 

variation. The temperature of a block depends on the power density of the block, as well as the heat 

transfer or heat exchange between the adjacent blocks [16]. The X-filling technique used in [15] is 

based on the assumption that there won’t be any heat exchange between the blocks when power 

consumption is uniformly distributed across the chip. 

In this paper, we present a test vector reordering technique that attempt to reduce the peak temperature 

and/or the temperature variance across the chip. The techniques can go hand-in-hand with the existing 

temperature aware test strategies via test scheduling [10]-[13], don’t care filling [15] etc. The first 

approach is the traditional Hamming distance minimization between successive test vectors applied to 

the CUT. This approach has been compared with PEAKASO[8], a thermal aware reordering 

approach.The proposed approach work for both scan and non-scan circuits, as long as the power 

consumed in the application of test pattern sequence can be estimated efficiently. It may be noted that 

the techniques given in [4],[5], [17] map the reordering problem to Traveling Salesman Problem (TSP). 

Finding a Hamiltonian path of minimum cost in a complete graph is known to be NP-hard and hence 

different heuristics have been adopted to find the solution. In [18], total switching activity during test is 

reduced by lowering the transition density at circuit inputs. In [17], a PSO based reordering has been 

utilized to reduce power on a customized pattern set. The current paper addresses the issue of thermal-

aware reordering of test vectors. Rest of the paper is organized as follows: Section II introduces the 

thermal model used in our formulation, Section III presents the different Hamming distance based 

vector reordering scheme proposed in this paper. Effectiveness of our approach is established through 

the results discussed in Section IV. 

 

a.Thermal Model 

The temperature of an IC can be predicted by using thermal modeling techniques. A thermal model 

usually estimates the thermal resistance and the thermal capacitance of an object to its surroundings, 

and, in turn,the heat generated and removed from the object. In an integrated circuit, every physical 

component acts as a heat storage capacitor with a certain thermal capacitance, denoted as Cth, and as a 

heat resistor with a certain thermal resistance, denoted as Rth, transferring heat through other 

components towards the ambient. The relationship between the ambient temperature (Ta), the average 

junction temperature (Tj), and the power dissipation of an IC (Pchip)is often described as [9]: 

Tj = Ta + Pchip * Rja (1) 

whereRja is the junction-to-ambient thermal resistance. Using a three-dimensional heat flow equation, 

the junction-to-ambient thermal resistance of a metal-oxide-semiconductor field-effect transistor 

(MOSFET) can be calculated according to the geometrical parameters of MOSFET [19]. There exists a 

well-known duality between heat transfer and electrical phenomena [20]. The thermal model described 

can be shown to be equivalent to the electrical model for transmission of electric-magnetic wave in a 

solid line [21].   

Thermal modeling needs the following basic steps: (1) thermal resistance-capacitance (RC) modeling 

(2) floor plan extraction and (3) power trace.Skadron etal. have investigated architectural-level electro-

thermal modeling and have implemented a thermal simulator, HotSpot [22], to calculate transient as 
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well as steady-state temperatures of functional units at the architectural level. We have used this tool in 

its default mode to obtain the thermal profiles of the ISCAS89 benchmark circuits that we have worked 

with. Chip area and power dissipation are scaled up (keeping power density unaltered) to make the gate 

level netlist amenable for analysis with HotSpot.It may be noted that heat generation and heat 

dissipationare functions of power density.Only parameters that were tuned for the size of the ISCAS89 

benchmark circuits are the size of the spreader and the heatsink.We have used Synopsys Design 

Vision[23]to synthesize the ISCAS89 benchmark circuits using Faraday 90nm library. The floorplans 

have been generated using Cadence Encounter[24]. Power trace of individual gates are generated using 

the power simulator reported in [17]. 

b.Thermal Aware Vector Reordering 

In this section we present our strategy to reorder a completely specified test vector set. It may be noted 

that though the test patterns generated by the ATPG tools often contain large number of don’t cares, the 

unspecified bits are mostly used for reducing test length via compaction, or in thermal-aware X-filling 

as in [15]. We thus try with completely specified test sets generated via the tool ATALANTA [25].Our 

strategies can be integrated with the works on don’t care filling and test scheduling for thermal 

optimization. 

b.1 Hamming Distance based Vector Reordering 

In ourapproach, we use Hamming distance based cost functions. This algorithm does a reordering of 

the test vectors based on minimization of Hamming distance between successive test vectors. This is a 

naive approach to the reordering problem. The inclusion of this strategy in our study is to determine the 

thermal benefits that can be achieved by this simple and well-known approach.The successive test 

vectors are selected in such a way that two consecutive vectors have the minimum number of bits 

differing between them. This procedure continues till all the test vectors have been selected. The 

algorithm is as follows: 

Algorithm: 

 Input:  Set of test vectorsT1= {v1, v2 ….vn} 

 Output: Reordered test vectors according to minimumhamming distance at primary inputs of CUT.  

 Begin: initial_orderOorig = {v1, v2 ….vn} 

  final_orderOham = {v1} 

  deletev1 from initial_orderOorig 

  vt = v1 

  whileinitial_orderOorig ≠  

   vk= vector in Oorigwith minimum hamming distance from vt 

 addvk to final_orderOham 

 removevk from initial order 

 vt=vk 

 endwhile 

 End 

 

 The algorithm starts with a set of test vectors (T1) generated using any ATPG tool. Oorig = {v1, 

v2 ….vn} represents the original order in which the patterns appear in T1, n being the number of test 

patterns. The algorithm preserves v1as the first vector to be applied during test. Thus, the output set 

Ohamis initialized with v1. Next, a vector vk is identified having minimum hamming distance from v1. 

The vector vk is added to the set Oham, to be applied to the circuit after v1. The process continues till all 

vectors have been removed from Oorig and added to the Ohamset in some order. The ordering depicted 

byOham is the order in which patterns will be applied to the CUT.The motivation behind Algorithm 1 is 
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that the minimum disturbance at the primary inputs of the circuit is expected to cause minimum number 

of transitions inside the circuit. A reduction in total number of transitions in the CUT can result in 

reduction of temperature. This approach reduces the temperature of the CUT but does not give any 

preference to the hottest parts of the chip (hotspots).  

 

2. Experimental Results 

In this section, we present our experimental results for a set of ISCAS89 full-scan benchmark 

circuits.The test patterns for the circuits are generated using the ATPG tool ATALANTA [25]. To 

generate the floorplans corresponding to the circuits, first the circuits are synthesized using Synopsys 

Design Vision tool [23], targeting Faraday 90nm library [30]. Next,Cadence Encounter [24] is used to 

generate the corresponding floorplan from the synthesized gate-level netlist of the circuit. The co-

ordinate and area information of each gate are extracted from the floorplan. Power simulator reported in 

[17] is used to generate the power trace for individual gates of the circuit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The extracted floorplan and power trace information are fed to the thermal simulator HotSpot [22] to 

obtain the temperature profile of the circuit during test.  Table 1 notes the peak temperature reductions 

that could be achieved by the various test vector ordering techniques enumerated in this paper. For each 

circuit given in column 1 of the table, column 2 lists the peak temperature in degree Kelvin 

corresponding to the unordered test vector set as generated by ATALANTA. Next column contains the 

result of Hamming distance based approach, reported in Section III.A. Next, we compare our results 

with the thermal-ware reordering technique PEAKSO [8]. PEAKASO uses a global ordering of vectors 

followed by a local ordering to reach at the final order of vectors. We have tuned PEAKASO to the 

power model of [17]. The peak temperature reduction achievable by the tool is reported in the last 

column of Table 1, for each of the benchmark circuits. It can be observed that the thermal-aware 

ordering techniques perform consistently better than PEAKASO.  

ISCAS89 

Circuit 

Hamming 

Distance PEAKASO [8] 

s208 65.08 -5.06 

s298 51.77 18.07 

s344 17.07 55.93 

s349 46.00 43.65 

s382 47.97 40.61 

s386 74.38 29.44 

s400 53.98 59.09 

s420 61.03 -1.99 

s444 50.90 17.42 

s510 54.77 42.18 

s526 59.18 37.56 

s641 48.28 11.64 

s713 54.24 44.60 

s820 60.52 28.24 

s832 63.31 54.24 

s838 50.35 -27.49 

s953 60.23 36.84 

s1196 63.30 -175.76 

s1423 60.63 52.10 

s1488 14.67 10.57 

s1494 71.00 41.73 

s5378 70.98 24.02 

s9234 15.70 -26.25 

s13207 20.15 23.41 

Table 2. Comparison of the % Improvement in 

Temperature Variance Achieved Through 

Reordering. 

Table 1. Comparison of Reduction in Peak 

Temperature Attained Through Reordering.  

ISCAS89 

Circuit 

Peak 

Temperatur

e in Kelvin 

(K)Original 

Reduction in Peak 

Temperature 

Hamming 

Distance 

PEAKAS

O [8] 

s208 342.48 2.83 0.72 

s298 349.8 4.52 1.28 

s344 344.18 1.21 3.44 

s349 344.85 2.98 2.49 

s382 345.83 3.38 4.43 

s386 355.33 9.25 3.37 

s400 346.78 3.99 4.79 

s420 343.19 3.62 1.61 

s444 343.85 2.07 1.68 

s510 349.67 4.36 2.22 

s526 355.27 6.88 5.61 

s641 340.73 1.54 1.16 

s713 340.25 1.51 1.3 

s820 358.65 9.13 4.22 

s832 359.97 8.99 8.34 

s838 345.48 4.78 3.32 

s953 347.25 4.51 2.52 

s1196 349.91 5.15 2.75 

s1238 348.17 4.46 2.92 

s1423 343.1 0.87 0.61 

s1488 361.22 10.46 4.89 

s1494 361.75 10.96 4.95 

s5378 403.19 7.39 0.62 

s9234 401.45 7.4 1.01 

s13207 408.33 4.15 2.3 
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In Table 2, we present the results on temperature variations in different parts of the circuit. We 

compute the variance (
2
) in temperature as; 


2
 =  (1/N) ∑ (Tave– Ti)

2
(2) 

Where,N is the number of gates in the circuit, Tave is the average chip temperature,Ti’sare the individual 

gate temperatures. If 
2
orig be the variance in temperature corresponding to the original test set order 

and 
2
ordered be the variance achieved by any of the reordering techniques, the corresponding 

improvement in temperature variance is computed as; 

       % improvement in temperature variance = ((
2

orig- 
2

ordered)/ 
2

orig)*100 %       (3)       

The higher the percentage improvement in the variance, better is the uniformity in temperature 

gradient inside the chip. The columns of Table 2 have their usual correspondance as in Table 1. It can 

be observed from coulmn 2 of Table 2 that the Hamming distance minimization approach improves the 

themal uniformity inside the chip. The algorithm PEAKASO [8] doesnot attempt to bring down the 

temperature variance. As a result, the variance improvement is very poor, in some of the cases, the 

variance has actually increased (the negative values in coulmn PEAKASO).  

3. Conclusion 

In this paper we have presented aHamming distance based reordering of test vectors applied to a 

circuit-under-test. The approach attempts toreduce activities at primary inputs of the circuit.Comparison 

with another thermal-aware heuristic reordering method [8] establishes the merit of proposed 

reordering strategy. It may be noted that this method can be used for both scan and non-scan circuits. 

For scan circuits, the power information for a pair of vectors should include the shifting and capture 

power, whereas, for non-scan circuits, it is the power consumed by two successive vectors. Our method 

can also easily be integrated with other thermal-aware strategies, such as, don’t care filling, test 

scheduling etc. We are currently working on integrating this reordering technique with a complete 

ATPG flow to have a total solution to the thermal-aware testing problems. Performance of the scheme 

for two-pattern testing is also underway.  
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